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Abstract 
High-pressure experiments were used to grow zircon and garnet 
simultaneously in granitic melts at 7 kbar and 900°C-1000°C using internally heated 
gas apparatus. An initial zircon-melt study was undertaken at 5 kbar and 850°C-
1000°C to determine the most reliable method for zircon growth that would provide 
robust trace element data. A mass balance approach was used to determine the REE 
composition of the zircon due to small grain size. Trace element concentrations of 
these minerals from SIMS analysis were used to produce zircon-melt, garnet-melt, 
and zircon-garnet REE partition coefficients, which can be used in the interpretation 
of mineral and mineral-melt equilibrium and disequilibrium in high-grade 
metamorphic terranes and anatectic granitoids. 
DREE (zircon/melt) experiments produce two sets of broadly similar data at 5 
kbar and 7 kbar. In the 5 kbar study the 1-IREE were the most compatible in the 
zircon grains with Dud = 3.7-6.7 and DL = —20-35, while DLREE  values are 
approximately unity. At 7 kbar the Dj .R~EE are again close to unity and then increase 
towards the 1-IREE (D HE ), with Dud --5-15, and DL --30-70. The middle to heavy 
REE produced the most robust data with good statistical reliability, while the LREE, 
due to low concentrations in the zircon, are less statistically robust but do produce 
consistent D values. 
DE (zircon/garnet) experiments produce a consistent set of data across the 
range of temperatures studied for the elements of interest. The middle to heavy REE 
produce consistent data with values approaching unity or slightly favouring garnet. 
DREE obtained for the MREE-HREE from Gd to Lu are in the range 0.4-1.5 for all 
temperatures examined, with the DREE pattern being flatter at 1000°C. The D values 
for the LREE are imprecise and variable due to low concentrations in the garnet in 
particular. The DREE (zircon/garnet) values obtained from the experimental study are 
applied to and supported by well characterised examples from an accompanying field 
study in the Trivandrum Block, a granulite terrane of Southern India. 
Application of the data to examples of high-grade, metamorphic gneisses 
allows discrimination of cases in which zircon has formed in equilibrium with peak 
metamorphic garnet. Disequilibrium cases in which zircon growth has either 
preceded or post-dated garnet and hence does not date peak metamorphism can be 
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Chapter One. Introduction. 
1.1 Project Rationale 
Zircon and garnet are key minerals containing isotopic and chemical 
information bearing on the history and evolution of the Earth. Zircon is not only the 
most widely used mineral for dating ancient rocks using U-Pb geochronology (e.g. 
Williams, 1992; Black and Jagodzinski, 2003), but is also a key sensor of crustal 
development and continental evolution through studies of, for example, its Hf and 0 
isotopic composition (e.g. Kemp et al., 2006; Wilde et al., 2001; Nemchin et al., 
2006) and trace element (Ti, Sc, REE) signatures and contents. The isotopic 
information (Lu-Hf, 0, Sm-Nd, He) that can be obtained from zircon have recently 
enhanced its application to important issues on the oldest rocks and origins of 
continents (Kemp et al., 2006; Valley et al., 2005), origins and sources of magmas 
(e.g. Valley, 2003), and timing of metamorphic events in the deep crust (e.g. Harley 
and Kelly, 2007). 
One of the most challenging uses of zircon is to define the ages of events in high-
grade metamorphic terranes, most of which have experienced complex and 
polyphase P-T histories (Harley et al., 2007; Harley and Kelly, 2007). Relating 
zircon growth and modification zones to specific metamorphic events (e.g. Vavra et 
al, 1996; Harley et al., 2007; Kelly and Harley, 2005) can in principle be 
accomplished by identifying and using reliable chemical signatures, for example the 
Ti content and REE patterns of zircon, that can be tied to temperature and 
equilibration with coexisting minerals and which are independent of the U-Pb 
system. Because zircon grains in igneous and metamorphic rocks can often show 
multiple rims and zones the approach of using independent chemical signatures 
developed in equilibrium with coexisting rock-forming minerals is essential to 
defining the discrete events through which the zircon has survived. The rates of 
diffusion for the REE in zircon are very small, sub-micron scale, even at high 
temperature and on geological timescales (Cherniak et al, 1996). This means that, 
assuming there is no textural evidence of dissolution and reprecipitation, the REE 
signature is 'fixed' after zircon growth and therefore this signature remains as an 
important marker of the formation conditions of the zircon. 
In the interpretation of high-grade terranes, both recent and ancient, the use of 
zircon U-Pb geochronology is prolific, although the mechanism for zircon formation 
can be difficult to determine. Zircon may survive from precursor rocks, recrystallise, 
or grow anew (Harley et al., 2007), and in each case may have formed at high-T 
during partial melting (Roberts and Finger, 1997: Schaltegger et al., 1999: Rubatto, 
2002), or be the result of the breakdown of Zr-bearing minerals chsu as amphibole 
and garnet (Fraser et al., 1997: Degeling et al., 2001). In many cases the zircon 
formation may not represent the peak of metamorphism, but rather provide 
information on processes during cooling from high-temperature (Harley et al., 2007), 
or fluid infiltration processes (Pigeon, 1992: Vavra et al., 1999: Hoskin and Black, 
2000). 
Using zircon ages to date metamorphic events has traditionally been 
approached using a bracketing approach where zircons record more than one age. 
E.g. the onset of metamorphism can be inferred to lie between the youngest, pre-
metamorphic igneous age, and the oldest metamorphic age (Harley et al., 2007). 
However this method clearly has limitations where the age bracket is large, or where 
the ages or geological relationships are ambiguous (e.g. the interpretation of igneous 
precursor rocks: Kelly and Harley, 2005). While the continuing understanding of 
zircon textures (e.g. Harley et al., 2007 and references therein) can add some 
information about the formation, e.g. sector/fir tree zoning showing crystallisation 
from High-T melts of varying au20, the bracketing method provides no real 
information about the details of the metamorphism itself, i.e. the timing of zircon 
growth in the P-T-t cycle. Therefore the ability to link zircon formation directly to 
that of another mineral, particularly garnet, is a huge step in furthering the 
interpretation of metamorphism in the deep crust. 
Garnet is recognised as one of the most significant and P-T sensitive 
metamorphic minerals, occurring as a major phase in many mineral assemblages, 
showing variety in both its major and trace element compositions with P. 1 and rock 
composition, and preserving chemical zoning that can be employed to interpret P-T 
histories and time scales. Garnet is widely used in thermobarometers applicable to 
2 
high-grade metamorphic terrains, and also is commonly formed as a peritectic phase 
during partial melting in crustal anatexis (Vielzeuf & Holloway, 1988; Carrington & 
Harley, 1995), a regime in which zircon may crystallise or be modified (e.g. Moller 
et al., 2003b; Buick et at., 2005; Harley et al., 2007). As a modally abundant and 
important sink for trace elements such as Y and the HREE (Bea et al., 1994; 
Hermann, 2002; Hermann and Rubatto, 2003), garnet also acts as a key competitor 
with zircon for these trace elements in high-grade metamorphism and anatexis. 
Further assessment of the growth of zircon in high-grade metamorphism has 
been attempted by thermobarometric modelling (Kelsey et al., 2008) of melt bearing, 
metasedimentary systems. This study showed that accessory phase formation in these 
systems is complex, and hence difficult to relate to the formation of other minerals in 
the same rocks. The modelling was also hampered by a lack of relevant experimental 
datasets on these systems. Therefore experimental work directly linking zircon and 
garnet growth would not only directly assist with the interpretation of metamorphic 
terranes, but aid in more detailed and accurate thermodynamic modelling of these 
systems. 
1.2 The Problem 
As both zircon and garnet incorporate relatively large amounts of the middle 
to heavy REE, the distribution of these elements between the two minerals has been 
used as evidence for simultaneous growth in natural systems, allowing the geological 
information they provide to be combined (Harley et al., 2001; Rubatto, 2002; 
Hermann and Rubatto, 2003; Whitehouse and Platt, 2003; Hokada and Harley, 2004; 
Kelly and Harley, 2005; Buick et al., 2006). However there is a discrepancy between 
studies as to what the equilibrium distribution of the REE (DlE) between zircon and 
garnet is, with two alternatives being proposed (Figure 1.1): 
The distribution of MREE-HREE describes a flat pattern with values 
remaining at unity, or slightly favouring garnet throughout the middle and 
heavy REE (Harley et al., 2001; Whitehouse and Platt, 2003; Hokada and 
Harley, 2004; Kelly and Harley, 2005). 
The distribution of MREE-HREE describes a steep pattern, with 
approximately an order of magnitude increase in D values towards the HREE, 
which strongly favour zircon (Rubatto, 2002; Hermann and Rubatto, 2003 
and Buick et al., 2006). 
DREG  (zircon/garnet) Natural Rock Studies 
- 	GL7 Rubatto '02 
--GP7 Rubatto 02 







Eu 	Gd Th 	Dy 	HO 	Er 	Tm 	Yb 	Lu 
Fig. 1.1. Estimates of equilibrium partitioning of the middle to heavy 1(1+ between zircon and garnet from high-grade 
natural rock studies, values are discussed in the text. 
Published values: Ruhatto, 2002: llcmann and RLIhafln. 201)3: Buick ci al.. 200: I larle ci iii.. 2001: 
Whitehouse and Plan. 2003: I lokada and I lark'.. 2(1(14: Kell and I larle'.. 200 1 . 
To date there has been one experimental study that has attempted to resolve 
this issue. These 20 kbar experiments (Rubatto and Herman, 2007) produced a range 
of zircon-garnet REE distribution data that span nearly an order of magnitude for the 
HREE. On the basis of this, Rubatto and Herman (2007) inferred that a flat 
distribution of HREE (DHREE near unity) pattern similar to (a) is the equilibrium 
distribution at high-T (1000°C) while at lower temperatures (800°C - 850°C) steep 
HREE distribution patterns like (b) reflect equilibrium, with mid ranging 
temperatures falling between the two (Figure 1.2). This study not only explains the 
variations seen in natural samples by a simple temperature effect, but potentially 
provides a semi-quantitative geothermometer for metamorphic processes involving 
these minerals (Rubatto and Herman, 2007). However, as these 20 kbar experiments 
relied on extrapolation of zircon REE contents from zircon-melt mixes with 
generally low proportions of zircon, and as the melt and garnet compositions were 
4 
seen to vary in Ca and other components, it is unclear whether the results can be 
applied to the majority of cases of high-temperature metamorphism and crustal 
anatexis, which occur at 800-1000°C and generally < 10 kbar (e.g. Harley, 1989; 
Brown, 2007). 
100 
DREE (zircon/garnet) Experimental Studies 
—0-- 800°C R&H '07 
--- 850°C R&H 07 
-•-- 900°C R&H 07 
—•— 950°C R&H 07 
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Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 1.2. Experimental atuesoiDREE(zircongamet)at 20 Kbar from Ruhatto and Hermann (2007). 
this study produces a range ot ulues. with 1)RIE (zircongameti shoing a hroadl consistent increase with 
decreasing lemperulure. 
This study reports two sets of experimental results designed to simulate 
mineral growth during partial melting in the lower crust. The first is a study of 
zircon-liquid DREE within granitic melt at 850°C - 1000°C and 5 kbar, designed to 
produce a robust method for calculating zircon REE compositions. The second study 
builds on the first technique and is designed to fill the gap between the natural rock 
studies and laboratory-based determinations of zircon-garnet DREE.  Experiments 
were performed in internally heated gas pressure vessels, using synthetic starting 
materials based on realistic geological compositions. The final set of runs have been 
conducted to produce DREE (zircon/garnet) values from accurately obtained mineral 
REE concentrations. The P-T conditions of these experiments, 900°C - 1000°C and 
7 kbar, make them highly relevant to the interpretation of zircon-garnet mineral and 
zircon-garnet-melt relationships during mid to deep crustal metamorphism and 
5 
partial melting. This is followed by select examples from a field study in the 
Trivandrum Block of southern India that validate the DREE (zircon/garnet) values 
obtained from the experimental study. 
1.3 Structure of Thesis 
Following the introduction section, Chapter 2 describes all of the analytical 
procedures used in the project for imaging, major and trace element analysis, and 
finally geochronology. Following this the majority of the thesis has been split into 
two parts. 
Part 1 describes the experimental project starting with Chapter 3, which 
predominantly describes the production of the starting materials and experimental 
procedure. Chapter 4 contains the zircon-melt study while Chapter 5 details the 
garnet-melt and zircon-garnet-melt studies. Both of these chapters start with a 
description of the initial pilot experiments, followed by the main study. Chapters 4.2 
and 5.2 are written with the intention for publication of the experimental results 
(Taylor et al., 2009a, and Taylor et al., 2009b), and as such contain their own brief 
introduction, method and analytical sections, as well as detailed discussion sections 
that provide the conclusions for Part 1. Chapter 6 describes the results from an 
experiment on zircon-orthopyroxene REE partitioning. 
Part 2 relates to the field study designed with the objective of assessing and 
validating the experimental results. Chapter 7 introduces the field area, located in 
the Trivandrum Block of southern India and its geological setting, while Chapter 8 
goes into more detail with the description of localities and samples in which zircon-
garnet relationships were studied. 
Chapter 9 is a final conclusion section bringing together the main results of 
the experimental and field studies, and detailing potential further work on the project. 
This section concentrates on the main results obtained from the study that can be 
applied to empirical rock studies of the lower crust. The majority of the detail 
regarding the results and applications of the experimental data can be found at the 
end of Chapters 4 and 5. 
Chapter Two. Analytical Methods. 
2.1 Textures and Major Elements 
2.1.1 Scanning Electron Microscope 
Prior to analyses all run products were imaged on the Scanning Electron 
Microscope (SEM) using the Back Scattered Electron (BSE) detector, which allows 
clear determination of all the phases in the samples. The granitic glass (quenched 
melt) forms a homogenous mid-grey background, all other phases of interest had 
higher backscatter response, with zircon having the highest (brightest) response. 
Other phases which occurred in the experiments were distinguishable by morphology 
and basic chemical make up using the semi-quantitative software on the SEM. Spinet 
had approximately the same BSE response as the zircon grains, but formed roughly 
equant, blocky grains rather than small acicular grains. Orthopyroxene (OPX) grains 
were similar in BSE response to garnet but formed tabular laths of various sizes (up 
to 1mm in length), often with a feathery texture, easily discernable from the equant, 
rounded garnet grains. 
2.1.2 Electron Microprobe 
Experimental glasses were analysed for their major elements using the 
Cameca SX- 100 5 spectrometer electron microprobe at EMMAC, Grant Institute of 
Earth Science, University of Edinburgh. Operating conditions were 15 kV and 5 nA 
absorbed sample current, with spot counting for Na and K followed by 30 second 
counting times on the other elemental peaks (Si, Al, Fe, Mg). Garnets were analysed 
with a 10 nA beam current. Analyses were reduced using Cameca PAP software 
(Pouchou and Pichoir, 1984). Ten glass (melt) analyses were made in each sample. 
Totals were consistent with the amount of trace elements and H 20 added into the 
run. X-ray maps were taken of one monazite grain (CNPpegB mnz60) to investigate 
U, Th, Y, Ce and Pb zoning within the grains. Maps were taken at a 20 kV setting 
with 2pm resolution. 
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2.2 Trace Elements 
2.2.1 Ion Microprobe 
Secondary Ion Mass Spectrometry (SIMS) trace and REE analysis of run 
products (zircon, glass and zircon-glass mixtures) was carried out at the NERC Ion 
Microprobe Facility, University of Edinburgh, using the EMMAC Cameca ims-4f 
ion microprobe. Analytical and correction procedures follow those outlined by 
Hinton and Upton (1991). Analyses using a 14.5 KeV primary beam of 0 at —5 nA 
primary current focussed to a 20-25 tm spot; garnets were analysed with a 3nA 
primary current to reduce spot size. Secondary ions were measured at 120V offset 
(zircon and glass) and 75V offset (garnet), with 10 analysis cycles made through the 
masses of interest. Elements analysed were 'Li, 30Si, 31 P, 42Ca, 47  Ti, 89Y, 90Zr, 93Nb, 
' 38Ba, REE and 177Hf, each full SIMS analysis taking 25 minutes in total. Ion yields 
were calculated using the NIST SRM-610 glass standard and concentrations were 
referenced against Si, as determined by electron microprobe. Corrections for ZrSiO 
138 	± 139 	-'- 140 	+ 	141 	+ overlap on Ba , La, Ce and Pr using count rates measured at mass 134 
are common for zircon analyses, but were not used in the zircon-bearing glass 
analyses for this study. The mass 134 overlap correction for the LREE is greatest for 
140Ce and for a pure zircon analysis (which is a larger correction than a mixed 
zircon-glass analysis) would amount to a total correction of 0.08 ppm ( 139La, 0.02; 
' 41 Pr, 0.003. Therefore the correction was deemed unnecessary for the zircon glass 
analyses in the study. Analytical reproducibility during and between analytical 
periods was tested using analyses of the 91500 and SL13 zircon standards, and DDI 
and KP I standards for garnet. All chondrite normalised plots for the REE use the 
normalisation values of Anders and Grevasse (1989). 
2.3 Geochronology 
2.3.1 Electron Probe - Monazite 
Electron microprobe (EMP) analysis of monazite was carried out using Cameca 
Camebax SX- 100 electron microprobe at the School of GeoSciences, University of 
Edinburgh. Monazite analysis was conducted at an accelerating voltage of 20 kV, a 
beam current of 100 nA, and a beam size of <3 pm. Major silicates and oxides were 
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analysed at 20 kV and 20-25 nA. X-ray data were calibrated against well-
characterised natural and synthetic standards (see Chapter 8). Specific standards used 
for monazite age analysis were: uranium oxide (UOx), thorium oxide (ThOx) and 
Lead Glass (Pb824) for U, Th and Pb, and Yabba monazite (Yabba 21), Thompson 
Mine monazite (TM 7) and Durango apatite (Durango) for the REE and other trace 
elements. Although the primary analytical interest was for U-Th-Pb ages, a spectrum 
of elements (P, Si, Ca, Y, and selected REE: La, Ce, Pr, Nd, Sm, Gd and Dy) were 
analysed to allow for more accurate PAP matrix reduction of the data. A larger suite 
of elements also provided a more complete grain compositional characterisation, 
particularly useful when interpreting data from complex populations. X-ray lines 
selected for age analysis, U M3, Th Ma and Pb M, were each measured on LPET 
crystals with Pb being analysed simultaneously on two LPET crystals. Interference 
of Th Ma on U NIP was corrected empirically by analysing U MO on U-absent 
synthetic Thorite. Potential interference by U M on Pb MO was ignored as such 
interference is considered neglible for monazite with less than 2wt% UO2 (Pyle et 
al., 2002). Background positions were selected using WDS spectra, taking care to 
avoid major interferences and in the case of U M3, the Ar K absorption edge. U, Tb 
and Pb were measured for 120, 120 and 200 seconds on peak, and 60, 120 and 200 
seconds total count time on background, respectively. As Pb was analysed on two 
spectrometers simultaneously, this equates to a total of 400 seconds count time on 
both peak and background positions. Detection limits at 100 nA were 0.01 wt% 
UO2, 0.02 wt% Th02, and 0.01 wt% PbO. During analysis, U, Th and Pb standards 
were routinely re-analysed to check for spectrometer drift. 
Prior to and during analytical sessions, secondary age standards (known age 
monazites) were analysed to check for overall accuracy and reproducibility of results 
between sessions. Minimum age uncertainties for each analysis were calculated by 
propagating analytical errors on U, Tb and Pb (based on counting statistics) through 
the age equation as a linear combination, as described in Pyle et al. (2002). 
2.3.2 Ion Microprobe (SHRIMP) - Monazite and Zircon 
Individual monazites were identified in thin section, then imaged using BSE and 
were drilled out from polished thin section, cast in 25mm epoxy disks with chips of 
the India monazite standard Ind-1. U—Pb isotopic measurements were carried out 
using the SHRIMP-11 at the John de Laeter Centre for Mass Spectrometry, Western 
Australia, and analysed with 0.5 nA 02 primary beam focused onto -101m spots, a 
5-scan duty cycle, and a mass resolution of c. 5000 (a more detailed description of 
the Curtin SHRIMP procedure for monazite analysis is provided by Foster et al., 
(2000)). 
Zircon U-Th-Pb isotopic data were collected using a Sensitive High Resolution Ion 
Microprobe Mass Spectrometer (SHRIMP II) in the John de Laeter Centre of Mass 
Spectrometry, Perth, Western Australia. The sensitivity for Pb isotopes in zircon 
using SHRIMP II was 20 cps/ppmlnA, the primary beam current was 2.5-3.0 nA and 
mass resolution was Ca. 5000. Correction of measured isotopic ratios for common Pb 
was based on the measured "Pb in each sample and often represented a <1% 
correction to the 206Pb counts. The common Pb component, being largely surface 






Chapter Three. Experimental Techniques. 
3.1 Introduction to Experimental Study 
The centrepiece of this project is an experimental study to determine REE 
partition coefficients between zircon, garnet and granitic melt under laboratory 
conditions and timescales. The study comprises 33 runs ranging from single-mineral 
studies involving mineral-melt partitioning, to a final set of runs looking at the 
mineral-mineral trace element relationships. 
This study was designed to simulate the granitic melts formed in the mid to 
lower crust from the melting of pelitic metasediments during anatexis, and starting 
materials were prepared with the relevant compositions. The main starting materials 
were produced synthetically as gels, and as such the starting mix was 
compositionally controlled and produced containing only the elements of interest, 
whilst maintaining a geologically relevant composition. 
One of the key aspects to the experimental study was to, wherever possible, 
maintain geologically realistic compositions and values, even if this made the chance 
of success smaller. For example, the runs were not over-doped with trace elements to 
increase the concentrations and make the analyses easier, and no fluxes such as 
fluorine or excess H20 and alkalis (Na, K) were used to improve physical and 
diffusive element mobility in the melt. Unlike solid media apparatus, which are most 
effective at higher pressures, the use of internally heated gas pressure vessels 
provides the capability of recreating mid to lower crustal pressures accurately. 
The following chapters show the development of the experimental techniques 
for producing robust REE data for experimentally produced zircon, garnet, 
orthopyroxene and granitic glass, followed by the results obtained for each of these 
studies. 
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3.2 Starting Materials 
3.2.1 Use of Gels 
All experiments used gel, mixed gels, or gel plus minor amounts of finely 
crushed natural zircon and garnet as starting materials. Gel starting materials were 
produced using the 'Co-precipitation gel method' (Hamilton and Henderson, 1968; 
Biggar and O'Hara, 1969) using reagent grade materials for major and trace 
elements. Gels have several advantages over other starting materials such as sintered 
oxides or rock powders, with small grain size (-lO times smaller than sintered 
oxides) and can be made to custom compositions involving many major and trace 
components. Gels also have the advantage of creating a homogenous starting 
material (Hamilton and Henderson, 1968). 
The first stage of the full gelling process, dissolving pure metals in nitric 
acid, was not used in this study, as it is only necessary for producing exact final 
compositions (e.g. for producing multiple compositions along a tie-line). Instead this 
study needed a set of compositions broadly representative of granitic partial melts in 
the crust, and so starting at the metal nitrate stage was adequate for the accuracy of 
the final compound. Aside from this, and small changes due to addition of certain 
elements (e.g. P and Zr), the production technique remains unchanged from the 
originally outlined method (Hamilton and Henderson, 1968; Biggar and O'Hara, 
1969). The choice of chemicals is important in gel making, as there is always a trade-
off between the cost of the material and its quality (expense/purity). The major 
element components (Na, K, Fe, Mg and Al) were bought as analytical grade ACS 
metal nitrates with at least 98% metal purity. The silica was added as tetraethyl 
orthosilicate (TEOS), this is the best silica source for gel making as despite being 
volatile it behaves stoichiometrically during the gel making reactions, and so its 
chemical behaviour, including the desired Si0 2 content of the gel, can be calculated 
accurately. A suite of trace elements (Zr, Y, Hf, Li, REE) was added as I 000ppm 
AAS standard solutions in 5% nitric acid, perfectly suited for addition into the gels 
during the production process. Phosphorus was added as di-ammonium hydrogen 
orthophosphate, while in the high-zirconium gels the Zr was added as zirconium 
dichloride oxide. Full details of the gel compositions are given in Table 3.1. 
13 
Gi G2 G3 G4 
Major Elements 
(wt%)  
Si02 70.0 64.5 65.5 60.0 
A1203 15.0 12.8 16.2 14.0 
FeO 3.5 3.0 6.7 6.2 
MgO 1.5 1.3 3.1 2.9 
Na20 4.0 3.4 3.4 2.8 
K20 6.0 5.1 5.1 4.2 
Zr02 0.0 9.9 0.0 9.9 
Trace elements 
(ppm)  
Zr 200.0 73491.4 200.0 73491.4 
P 650.0 650.0 650.0 650.0 
V 30.0 90.0 90.0 150.0 
Hf 3.0 2403.0 3.0 2403.0 
Li 170.0 145.0 145.0 120.0 
La 41.42 41.42 41.42 41.42 
Ce 91.99 91.99 91.99 91.99 
Pr 9.29 9.29 9.29 9.29 
Nd 34.42 34.42 34.42 34.42 
Sm 8.65 8.65 8.65 8.65 
Eu 0.62 0.62 0.62 0.62 
Gd 14.31 14.31 15.98 19.31 
Tb 2.38 2.38 2.78 3.58 
Dy 14.89 14.89 17.89 23.89 
Ho 2.90 2.90 3.69 5.28 
Er 8.70 8.70 11.27 16.40 
Tm 1.23 1.23 1.70 2.63 
Yb 7.63 7.63 11.17 18.25 
Lu 1.20 1.20 1.62 2.46 
Table 3.1. I able slio ing the major and trace element compositions calculated for the production of the four gels 
(G I -(14) used in the experimental study. These four compositions can be mixed to produce an composition 
required lr the studs. Frace elements account for 0.1-0.4 %%t% of the gel compositions (excluding zirconium in 
high-Zr gels). 
32.2 Choice of Starting Composition 
The major element system used in this project is NKFMASH (Na, K, Fe, Mg, 
Al, Si and H20). This enabled the production of starting material relevant to the 
lower crust in Ca-poor granitic rocks. 
The final goal of producing zircon grains that were large enough for SIMS 
analysis presented an initial problem for producing the starting material as the gel 
making process is very time consuming (approximately 20 days) and also complex. 
Therefore, as it was unknown what levels of Zr would aid the production of zircon in 
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terms of crystallisation and growth characteristics, four gels were produced to cover 
a wide range of potential experimental scenarios. 
The first gel (GI) has a composition equivalent to a granitic crustal melt 
composition based on an average of some previously studied granulite terrains 
(Whitehouse and Platt, 2003; Rubatto and Hermann, 2003; Rubatto, 2002; Harley et 
al, 2000; Kelly and Harley 2005). The trace element composition is approximate to a 
typical S-Type granite. The Zr content, 200ppm, is designed so that all the zirconium 
is dissolved in the melt at run temperatures of approximately 900°C, i.e. no zircon 
grains would be produced in the melt at this or higher temperatures. 
The second gel (02) has the same major element composition but with vastly 
increased Zr (-40 wt%). This is to enable the variation of total Zr content in the runs 
by mixing GI and G2 while keeping the relative concentration of other elements 
constant. This has many experimental advantages such as allowing the Zr content in 
runs to be varied considerably without having to produce new starting material, and 
also allowing the same quantity of zircon in runs at different temperatures. The REE 
content of 02 is approximate to that of 85% S-type granite (as explained above) and 
15% zircon. During the production of the gels it was decided to give GI the same 
REE content in order to make production easier. The first two gels were used for all 
the zircon-melt experiments, being mixed in varying quantities to produce melts with 
varying amounts of zircon growth. 
The second pair of gels were designed for the garnet-melt and zircon-garnet-
melt experiments and were made using the same methodology. G3 is the equivalent 
to GI but with elevated Fe, Mg and MIHREE approximating 15% garnet (garnet + 
melt gel), and was used for growing low-Ca garnet in equilibrium with granitic melt. 
Gel G4 is the equivalent of 02, with the same relative proportions of major elements 
as G3, but with high Zr (-10 wt%) in order to produce zircon grains. By mixing G3 
and G4 it was possible to perform the final group of experiments and produce garnet-
bearing runs with varying amounts of zircon growth in the melt. 
Aside from the four gels two other starting materials were used, a large zircon 
grain (designated GemZrc) and some crushed garnet sample (designated g333). 
These were to be used as 'seed' material to act as nucleation points and promote the 
growth of new material. The GemZrc starting material was purchased in the form of 
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a large gem quality zircon, which showed little or no zoning under 
cathodoluminescence (CL) imaging. When analysed using the Cameca ims-4f at the 
EMMAC facility, Edinburgh University, GemZrc material was found to be 
homogenous in its trace element composition, making it a good starting material. The 
GemZrc zircon composition is relatively depleted in REE compared to typical crustal 
zircon, especially the M/HREE, with Gd 4-10ppm and Lu 45-65ppm (values 
normalised to chondrite - Anders and Grevasse, 1989). It is therefore chemically 
distinct from the zircons we are aiming to produce, making it perfect for use in this 
project as a starting material. This means that if any of the starting material remains 
in the gel at the end of an experimental run it will not be confused with the product 
material. This recognisable chemical signature is another reason for the alteration of 
the trace element chemistry of gel G I. It was felt that due to the low REE nature of 
the zircon starting material, experiments run with GI + GemZrc would not have a 
high enough Zr-budget to produce applicable metamorphic zircon that was 
sufficiently different from the GemZrc composition. Therefore the trace element 
composition of gel G1 was elevated so that it matched gel G2. The garnet sample 
(g333, supplied by Simon Harley), although slightly variable in its REE content, has 
relatively high Ca content and was assumed to be different to any new material that 
would be produced in the runs. During the initial pilot studies into zircon and garnet 
growth different combinations of these six materials were used in order to determine 
the best method. These experiments are discussed later. 
3.2.3 Making the Gels 
This section describes the production of the starting materials. The first stage 
of making up the gels was to make up the trace element solutions that are to be added 
during the process. To simplify the addition of these materials, several 'cocktails' of 
trace elements were made, so that during the gel making only a few solutions had to 
be added rather than over 20 very small volumes. This meant that a few allowances 
had to be made which deviated from the original target compositions. However these 
were very small and the new targets were still of appropriate composition. Seven 
solutions were made, of which three were mixtures: 
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REE- La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu 
MIH- Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu 
For full details on the trace element solutions see Table 3.2. The original target 
compositions and the final trace element compositions obtained from making the 
solutions can be seen in Figure 3.1. 




Y 0.300 0.600 
Hf 0.030 24.000 







Gd 0.1431 0.0167 
Tb 0.0238 0.0040 
Dy 0.1489 0.0300 
Ho 0.0290 0.0080 
Er 0.0870 0.0257 
Tm 0.0123 0.0047 
Yb 0.0763 0.0354 
Lu - 0.0120 0.0042 
Total ml 2.361 0.601 24.001 1.20 0.25 1 	2.39641 0.1285 
ml (g) 
G1=TE1+TE4+TE5*2+REE 	 = 	6.45 
62= TE1+ TE2+ TE3+ TE4+ TE5+ REE 	 = 30.80 
G3= TE1+ TE2+ TE4+ TE5+ REE+ M/H = 	6.93 
64= TE1+ TE2*2+  TE3+ TE4+ REE+ M/H*3 	 = 31.54 
Table 3.2. I able 	tb detatk on the compottion ot the trace element solutions 'IF I - lE5. Wi ll and Rlt.. 
I ndiN idual trace elements were obtained in 10(X) ppm analytical grade solutions. lahie a) shows the volume in ml 
01 each of these required to produce the desired ppm concentration in log of gel. P in lEl vas weighed in as a 
solid in g. lahle hI slios the combination of trace element solutions added to each gel to create the appropriate 
concentrations. e.g. Gel I contains I x lEl. I x FE4. 2 x IE5 and I \ REF. 
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-4- Granite zircon 
Granite + garnet 
A Granite + zircon + garnet 
G1 and G2 
t.o 
La 	Ce 	Pr 	Nd 	S 	Eu 	Gd 	Tb 	L)y 	No 	Er 	Th 	Yb 	Lu 
Fig. 3.1. (uiondrite normalised plot shoting the target REF compositions for the gels ((il-G4) and the compositions 
created h mixing the appropriate trace element solutions. This method prot ided compositions almost identical to 
those desired tithout hating to add each element indiidually for each gel. Normalisation is according to the values 
in Anders and (irevasse (1989). 
The metal nitrates also required some preparation due to their hygroscopic or 
deliquescent nature (the ability to absorb water from the air). A quantity of each 
nitrate, exceeding that required for the gel, was placed first in a low temperature 
oven (400)  for 24/48 hrs, and then in a P 205 desiccator for 24/48 hrs in order to 
remove excess water from the material. 
The temperature of the oven was chosen to accommodate the low melting 
temperature of the Fe (III) nitrate used. The Fe (III) nitrate also had a further problem 
in that if the drying process was too strong or continued for too long then it begins to 
decompose, and it turned out to be more accurate to rapidly weigh the required 
amount straight from its container before it can absorb any moisture rather than 
drying it at all. 
A test was performed to see the speed at which the nitrates absorbed water 
from the air after being dried to see how rapidly the weighing would have to be done 
for the gels. The Fe (III) nitrate was the most hygroscopic but only recorded a 
1/1000g increase in weight over 2 minutes. Weighing out of the materials only takes 
20-30 seconds maximum for the nitrates and so this was assumed to be very accurate 
as long the drying process removed all the excess H 20. Gels G2 - G4 were made by 
adding the Fe (III) nitrate straight from the bottle, after concluding that this was the 
most accurate method for this component. 
All equipment (beakers, stirrers etc.) was cleaned in a 20-30% nitric acid 
solution overnight and then cleaned with distilled water and then acetone before use. 
All work was carried out with appropriate clothing and face protection using the 
fume cupboard due to the hazardous nature of the materials used. 
The gel making process began with the chemical components of the gel being 
mixed in a PTFE beaker. The first constituents to be added were the trace element 
solutions. The combination of these varies with each gel (see Table 3.2), and these 
are in very small volumes (6-32m1) and so were added at the start to facilitate 
homogenous mixing as the other elements were added. As the first stage of the 
production process is to dissolve all the elements required in weak nitric acid to 
produce a homogenous solution, the trace element solutions provided a good starting 
point for the process. 
Major element nitrates were added to the beaker in the order Na, K, Fe, Mg, 
Al (NKFMA), following the NKFMASH system order. After the addition of each 
component deionised, distilled water was added in small quantities in order to keep 
the mixture in solution. For gel GI the Fe (III) nitrate had been dried to the point 
where it had started to decompose (turned from purple/lilac to brown); lOmi of 50% 
nitric acid solution was added and the solution was left overnight to fully dissolve the 
iron compound. Nitric acid solution can be used to aid the dissolution process 
without any complications as the solution was already weakly nitric from the trace 
element solutions and it boils off as ammonia during the gelling process. The 
solution was then reduced down on a water bath to lessen the volume while still 
keeping it in solution. For gels G2 and G4, which contain large concentrations of Zr, 
the 1000ppm solution is not a sensible option as the volumes required are high. In 
this case solid zirconium oxychloride was used, which is soluble and miscible in the 
nitrate solution and is incorporated before the major element nitrates, after the trace 
element solutions have been added to the PTFE beaker. 
In this form the major and trace elements were stirred and should be able to 
mix thoroughly and homogenously within the PTFE beaker. 
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Into this mixture some ethyl alcohol was added in approximately equal 
proportions to the volume of TEOS that was to be included (Biggar and O'Hara, 
1969). The ethanol was mixed well with the nitrate solution to ensure the solution 
was miscible with the TEOS. When the TEOS is added there is a noticeable 
temperature increase of the PTFE beaker and the colour changed to a much deeper 
brown, and after stirring there was a homogenous solution including the correct 
proportion of silica. 
The process was completed by adding ammonia (ammonium hydroxide- d = 
0.88) to the solution (---50% of the TEOS volume) whilst continuously stirring the 
mixture. A reaction takes place that precipitates the silica from the solution 
producing a 'porridge-like' gel of the required composition with no supernatant 
solution. The majority of this reaction occurs instantaneously, but the mixture was 
left covered overnight to ensure the completion of the reaction, from now on this is 
referred to as the 'gel' (Hamilton and Henderson. 1968). 
3.2.4 Drying Process 
Once the gel is at this stage it needs to be dried out before it is used, in order 
to drive off any moisture, and also to boil off compounds that are a result of the 
gelling process and not part of the final product. The drying process used was a 
combination of established routines from gel making literature and some common 
sense. 
Stage 1- Oven 
First of all the gel was placed in an oven (still in its PTFE beaker) and heated to 
70°C. This was below the boiling point of the alcohol used and from that point the 
temperature can be increased slowly so that the ethanol slowly evaporates from the 
gel rather than rapid boiling which can result in cross contamination of gels within 
the oven from flying fragments. The oven temperature was then increased by 10 °C 
every half day up to 180 °C (Biggar and O'Hara, 1969). At that stage the gels had a 
dry appearance and a 'broken-up biscuit' texture. 
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Stage 2- Isomantle 
The gel was then carefully transferred into a clean Pyrex beaker. The next stage of 
the drying process involved the careful removal of ammonium nitrate (NH 4NO3), 
which is a by-product of the gelling reaction. This is an explosive salt and so rapid 
boiling could again result in loss of the gel and cross contamination though small 
explosions. Once in the Pyrex beakers the gels were placed on isomantle heaters and 
slowly raised to a temperature of >300 °C. The isomantles had been lined with silica 
wool to keep the beakers off the elements and prevent hotspots, and also placed on 
type-K thermocouples to monitor the temperature. 
Stage 3- Furnace 
The gels were then transferred to clean PalAu (palladium-gold alloy) dishes for 
heating at high temperatures. The gels were placed in a furnace and heated to 400 °C, 
followed by gradual heating to a high temperature over the course of several hours. 
The suggested temperature was 900 °C but they were kept below this due to the silica-
rich nature of the gels being used in this project (original gel making literature was 
based mainly on more basaltic compositions) and risk of approaching the melting 
point of the composition. After being baked in the furnace the gels were then 'dry' 
and were transferred to sealed containers to prevent them from absorbing too much 
water, as they are hygroscopic. 
A small portion of the gels GI and G2 were glassed using a hot stage 
microscope so that the composition could be analysed on the electron probe. Six 
glass samples were made from separate aliquots of each gel to test for homogeneity. 
However this method, while useful for G 1, was not successful with G2 as the high Zr 
content forced the mass crystallisation of Zr02 (baddellyite) during the glassing, 
making analysis impossible. 
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3.3 Experimental Methods 
3.3.1 Capsule Preparation 
The experiments involved 20mg loads of starting material in each 
capsule and were run for approximately 7-14 days. The gels were Fe-bearing and for 
this reason platinum capsules could not be used to contain the experiments as they 
would react with the gels, therefore silver-palladium alloy (Ag:Pd) capsules were 
used. Ag50Pd50  alloy was used for the majority of experiments is easier to weld 
compared to other alloys. 
Annealed Ag:Pd capsule metal with an outer diameter (OD) of 2mm and 
length of —2cm was used for the runs, and was cleaned in acetone for 10 minutes in 
an ultrasonic bath before use. Welding of the capsule metal is difficult as the silver 
oxidises rapidly in air at high temperatures resulting in holes in the welds. After 
trying a variety of techniques to prevent this a stream of argon gas over the welding 
area was used to remove this effect with good success. To facilitate welding, the 
bottom 2mm of the capsule metal was crimped and then a small amount of metal 
removed with pincers, effectively sealing the bottom end before welding. The 
capsule was then filled with the desired amount of H20, followed by approximately 
20mg of starting material. The neck of the capsule was then carefully cleaned with 
acetone to remove gel or seed fragments. Once clean the capsule top was carefully 
crimped down to the level of the starting material, making sure nothing was squeezed 
into the weld area. The top weld area was clipped and cleaned before welding under 
an argon gas stream as before. At all stages of production the capsule was carefully 
weighed to ensure that no starting material was lost at any stage, particularly water, 
which can escape during the final weld if care is not taken. 
All completed capsules were leak tested prior to a final clean. The leak test 
procedure was submersion in heated silicon oil, which if a leak is present produces 
an instant stream of bubbles from faulty capsule welds as air is forced out of the 
capsule. All capsules that failed this test were discarded and remade for the runs. 
After passing the leak test the capsules underwent a final clean in acetone to remove 
any silica oil from the metal. 
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3.3.2 Run Procedure 
All experiments were performed in 3 internally heated gas pressure vessels 
(gas bombs) at The NERC Recognised Experimental Geoscience Facility, 
University of Edinburgh. The gas bomb apparatus is based on the design of 
Holloway (1971) with the arrangement of high pressure lines as described by Edgar 
(1973) and uses argon gas as the pressure medium. Two thermocouples (Pt/Pt 87Rh 13 ) 
are positioned in the molybdenum furnace/sample chamber at different lengths to 
observe any possible temperature gradients, which if present can be reduced by 
tilting the vessels. 
Up to six of the 2mm OD Ag:Pd capsule can be placed in a furnace's sample 
chamber, the remaining void space is packed out with silica wool and tantalum chips, 
with care being taken to make sure the capsules, thermocouples and tantalum do not 
interfere with each other. The tantalum was placed in the sample chamber in order to 
maintain an f0 2 relevant to the lower crust during the length of the run. Previous 
experimental studies using the same technique estimated the f02 at approximately 0-
1 log units below QFM (Carrington and Harley, 1995; Carrington, 1993, PhD 
Thesis) which keeps reducing conditions relatively constant as well as maintaining 
the molybdenum furnace. 
In order to maintain a constant pressure through the whole duration the run 
was 'at temperature', for the majority of 5 kbar runs the gas bombs were pumped up 
to full pressure before heating, and then the excess pressure generated during heating 
was slowly released. During a few runs in the pilot the heating stage used to bring 
the run up to pressure. The 7 kbar runs were brought up to —6 kbar whilst cold, and 
the heating step was then used to bring the vessels up to run pressure. 
In almost all runs there was an initial temperature step that was higher than 
the run temperature (heat-settling process). This enabled the melt to dissolve more Zr 
during the first step, which could then be released for zircon growth at the run 
temperature. During the pilot experiments and the 5 kbar zircon-melt study a variety 
of initial heating steps were used ranging from 50-200°C above the run temperature. 
Some pilot experiments were performed with no temperature drop for comparison. 
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The results of these methods will be described later along with duration of the runs in 
Chapter 4. 
The heating-up stage of the runs was typically in the order of 1-2 hours. 
Quenching of the runs, which is not as fast as in solid media apparatus or 'rapid 
quench' systems was fairly fast. The runs were below the solidus for these melt 
compositions (700°C) within 20-30 seconds, and below 250°C within 2-3 minutes. 
Due to the age of the gas bomb equipment, relatively constant monitoring of the runs 
was required in order to maintain run pressure, and where possible, effort was 
maintained to keep the pressure at the target pressure, within error of the pressure 
gauges. 
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Chapter Four. Zircon-Melt REE Partitioning. 
41 Zircon Growth Pilot Study 
4.1.1 Pilot Study Methods 
Growing an accessory mineral in realistic melt compositions is not an easy 
prospect, as even after geological timescales natural zircon grains are often too small 
for analysis. An extensive initial pilot study was undertaken in order to find a 
successful method of growing zircon grains that are large enough for SIMS analysis, 
a task that has proved very difficult under laboratory conditions and timescales 
(Hanchar and van Westrenen, 2007). As the melts used in this study were very felsic, 
the viscosity is high and therefore you have to rely on diffusion of the elements 
required for crystal growth, reducing the chances of producing large grains. 
Consequently, various different experimental techniques were attempted to 
encourage growth of the grains to a suitable size. There were three main areas of 
focus for the pilot study, the first of which is related to the run design, while the 
remaining two are related to starting material/capsule design: 
The initial temperature drop from the starting temperature to the run 
temperature. 
The use of seed material to encourage zircon growth. 
The design of 'sandwich' experiments, which produce Zr gradients within 
the capsule to promote focussed zircon growth. 
The use of a 'heat-settling' process by which you have an initial stage of the 
run at a higher temperature (TI) before dropping the run/equilibration temperature 
(T2) is a technique that makes use of the saturation profile of elements of interest 
within the melt. In this study, silicate melts are able to dissolve larger amounts of Zr 
at higher temperatures, and therefore as the temperature is dropped to the run 
temperature excess Zr is released from the melt and is available to produce new 
zircon. In order for this technique to be successful and produce significant growth it 
is preferable to have wt% quantities of new material being released from the melt 
during the temperature drop. When calculating the saturation profile of Zr in the 
composition of melts used in this study, using the method of Watson and Harrison 
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(1983), the saturation profile for these experiments was seen to be very shallow. At 
the highest rated temperature for the gas bombs, 1200°C, the Zr concentration in the 
melt should be <2000ppm, while at the lowest run temperature for this study, 850°C, 
the calculated concentration is '-1 3Oppm (Figure 4.1). This means that even at the 
highest potential temperature drop there is a maximum Zr release from the melt of 
<0.2 wt %, not enough to produce significant new growth unless it was able to be 
concentrated in one place. 
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T(°C) 
Fig. 4.1. Graph showing the saturation profile our (atler Watson and I larrison. 1983) in the 
nielt compositions used in the zircon-melt study. 
The heat-settling process is still a useful technique for other reasons. In order 
to grow large crystals it is necessary to maximise the amount of growth in 
comparison to nucleation, i.e. you want to grow a few large grains rather than many 
small ones. As all of the runs had Zr contents higher than the saturation potential of 
the melt, all the capsules will contain some zircon even during the initial heating 
step. This higher starting temperature is designed to dissolve some of the smaller 
nucleation points, resulting in more growth on fewer grains at run temperature. This 
method can be further improved upon by varying the rate and style of the 
temperature drop. The simplest variation is to slow the decrease from Ti to T2, 
thereby increasing the likelihood that any Zr released will be added to an existing 
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nucleation site rather than 'flash crystallising' a new grain. This can be done either in 
a smooth decrease or stepped fashion. The next step is to use a 'saw-toothing' 
method, which involves decreasing from Ti to T2 (or somewhere in between) and 
then back up again but not all the way up to the previous highest temperature, this 
process can then be repeated a number of times as desired (producing a jagged 
temperature profile) until the run is settled at T2. The theory behind the saw-tooth 
approach is that each time the temperature is increased some nuclei that formed in 
the previous drop will be re-assimilated into the melt, with each step leaving only the 
largest, strongest nuclei, thus promoting growth while reducing nucleation points. 
Figure 4.2 shows example heat-settling temperature profiles that were the methods 
used to drop from the starting temperature (Ti) to the final run temperature (T2). 
Fig. 4.2. Example temperature profiles showing the heat-settling methods used to change from 
Fl to 12 during the zircon-melt pilot experiments, a) Simple temperature drop. h) slow, stepped 
drop. C) Saw-tooth drop. d) Straight saw-tooth drop. 
The use of seed material for the pilot experiments involved introducing small 
volumes (up to 15%, typically 1-5%) of natural zircon material (GemZrc) into the 
capsules. The zircon was finely crushed to fragments -'20j.tm in size and then washed 
in acetone using an ultrasonic bath before use. The seed fragments were to provide 
two effects (i) in the low-Zr gel (GI) they would break down and release Zr into the 
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melt during the initial heating step (TI) which would then form new zircon during 
the run, and (ii) in all runs they would act as ready formed nuclei and focus points for 
zircon growth during the run. 
The design of 'sandwich' experiments was done in several ways, often in 
combination with the use of seed material. The principle behind this is to generate a 
Zr gradient in the capsule, forcing diffusion of the Zr into a low-Zr area of the 
capsule where it will crystallise new grains. If this continues it forces further growth 
of zircon on these new nuclei in the Zr-undersaturated areas. By adding seed material 
into these growth zones it was hoped to further focus growth on specific points. The 
production of the starting material with a low-Zr (GI) and high-Zr (G2) starting 
material made the design of the layered, 'sandwich' experiments very simple. By 
mixing together the two gels in varying proportions it was possible to produce layers 
with a variety of Zr concentrations, and therefore vary the severity of the 
concentration gradient within the capsules (Figure 4.3). 
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-—øT 
Zr  
Fig. 4.3. I .aiipIc of the capsule content set-up h.r iudich experiments using the k-tr 
((II ) and high-Zr (62 gels to create a Zr gradient in the capsule. BN creating a concentration 
gradient neNN grains are encouraged to gro as Zr is transported into the undersaturated areas. 
Seed material was used in some experiments as the high-Zr source area, rather than 
gel G2. 
A variety of realistic H20 contents (3-10 wt%) were also used in the capsules 
to assess whether this would have an effect on the growth characteristics of the 
zircon grains. 
4.1.2 Success of the Pilot Study Methods 
The ability to place up to 6 capsules within a single run meant that it was 
possible to test out a variety of capsule designs (sandwich, seed, etc) under a single 
consistent temperature profile, and therefore many approaches could be attempted 
very quickly, meaning the pilot study produced a vast array of designs. 
The very shallow saturation profile of Zr in these melts essentially negated 
the effect of two of the methods, intricate heat-settling and seeding. The style of 
temperature drop had very little effect on the general size of the zircon grains, with a 
single, fast step down to run temperature being just as effective as a slow decrease, 
multiple steps or saw-toothing (Figure 4.4). Table 4.1 shows a full list of the 
experiments from the zircon-melt study detailing the style of temperature drop, TI 
and T2. 
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Fig. 4.4. I'! II1hge Of ItUI Rill 	iii duIIint 1ICLIt-SCIt1ing inethods and starting Iefliper.IIulL 	iu II1 III_ lack 
of effect ilie.e methods had on the stN Ic of 'zircon grimth. /ircon grains appear as small. high BSL response 
( hite 'pale gre 1. elongate crystals in the dark mid gre glass. Round. black areas are gas bubbles that essols ed 
Oil cooling, a) Run ,4-4. simple temperature drop. II I000('. I 2-900'C. h Run ,5-5. stepped temperature 
drop. II - I ()00('. I 2 )Ot) ('. c) Run A6-2. ô-2. ca tooth temperature drop. El 1050'('. 12 WC. d Run 711-1. 
straight sa tooth temperature drop. II - 1100C. 1'2= 1950"C. 
We 
RUN Ti (°C) T2 (°C) Method 
zi 1000 900 simple 
z2 1000 900 simple 
z3 1000 900 simple 
z4 1000 900 simple 
z5 1000 900 step 
z6 1000 950 step 
z7 1000 900 step 
Z8 1000 1000 - 
Z9 1000 850 simple 
zlO 1030 1030 - 
zil 1060 1060 - 
z12 1090 1090 - 
M 1050 950 straight saw 
z14 1050 900 straight saw 
z15 1100 900 saw tooth 
z16 1100 950 saw tooth 
z17 1100 1000 saw tooth 
Z18 1000 1000 - 
Z19 1100 1100 - 
z20 1100 900 saw tooth 
z21 11001 9501 saw tooth 
Table 4.1. Details 0! the starting temperatures. run temperatures. and heat settling method used Ibr each of 
21 runs from the zircon-melt studs 
The use of seed material may have worked as intended in some experiments, 
although the tiny amounts of new zircon material that were possibly added to the 
seeds were impossible to identify and analysis would be unfeasible. 
An added problem with the seeding technique was that there was always 
some ambiguity as to whether zircon material seen in the BSE images was new 
grains or existing seed, and therefore whether that particular method was worth 
pursuing. Some SIMS time was also wasted analysing material that turned out to be 
large pieces of seed material (Figure 4.5). For this reason the use of zircon seed 
material in the runs was abandoned after run z9. 
Full details of the starting compositions and run conditions for each capsule 
in the study can be found at the rear of the thesis in Appendix 3. 
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Fig 4.5. 	 Im run 	 1,11 -, 1 C r---- 	-, -' 	 .}._,t 
a) large piece ot seed zircon within a cluster of similler seed material. h large zircon seed fragment within the 
glass 
Layered 'sandwich' experiments provided a variety of results and in some 
cases produced new grains as intended. However the grains were never large enough 
to provide a single SIMS analysis. In general the final run product was always a high 
density of small acicular zircon grains within the high-Zr (G2) areas, and zircon-free 
in the low-Zr (GI) areas (e.g. Figure 4.6). The zircon grains are typically 10-15j.im 
long and <5j.im in diameter, with a few large grains —25im in length. The main 
benefit of these layering experiments, which led to the fmal method used in this 
study, was that by mixing the two gels prior to capsule loading it was possible to 
produce a run product with any desired density of new zircon grains, from crystal 
free to —50% zircon. Also by varying how well mixed the initial material was, you 
could vary the density of zircon grains within a single capsule, with clean melt 
patches alongside areas of zircon growth. 
CA 
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lig. 4.0. li I)H.ILL' i 	IHI\ ft 	'\pc1LI 	a) ItI Image of the houndar heteen gel GI and (2 in run 
Gel G2 has formed large amounts 01 line grained zircon (making the B!: image appear a lighter gre lule gel 
(ii has liarnied glass. The ls larger grains are OPX crsstals formed during the quench. hI Run z2- has a similar 
setup but with a layer ol zircon seed material heteeii gels 61 and 62. Large grer minerals are OPX quench crystals. 
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One unexpected aspect to these experiments is the ease at which 
orthopyroxene (OPX) crystals grew within the melts. Some runs included OPX as 
quench crystals that were generally small, confined to the melt, and had a feathery 
texture, while other runs grew large tabular crystals up to 1mm in length, which often 
overgrew large areas of zircon grains (Figure 4.7). In many cases it appeared obvious 
that zircon grains were acting as sites for the OPX to nucleate on, and may have 
inhibited zircon growth in some capsules. 
- 
Fig 4.7. I 	 I Liic (W X  iaiii 	eIgrtnlJig ,ircon grains during e\p 	mei1t-. A) RLIII 	' , I w\,  
large elongate ()PX. (iroundmass glass contains small new zircon grains as flell as larger fragments otzircoIi 
seed material, h) Run z24-3 shows pvroxene iv pleat of lmiation during the quench phase ot the run, with needle 
like. tatherv structures. 
The variation of H 20 within the capsules had no discernable effect on the 
growth of zircon, although higher levels did encourage the growth of OPX crystals, 
particularly during the quench. Therefore the majority of runs were performed at low 
H20 contents of-3-4 wt%. 
The result of the pilot study was a failure with regard to the initial aim of 
producing single grains suitable for SIMS analysis, although it did provide with a 
method of determining the zircon composition. The ability to produce capsules with 
varying densities of zircon grains meant the decision was made to use a mass balance 
approach to determining the REE composition of the zircon in the capsule. By 
making a large number of SIMS analyses within a single capsule, ranging from 
crystal-free glass to more crystal-rich areas, it is possible to make a mixing line to 
extrapolate the REE concentration of the zircon grains in that run. The ability to 
produce any density of grains desired, as discovered during the pilot study, made it 
possible to produce highly statistically robust mixing lines with one 'fixed' end of 
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clean melt up to 20- 50% zircon, and then extrapolate the desired trace element 
information. 
The results from the mass balance method for the experiments analysed can 
be seen Chapter 4.2. Mixing lines for calculating zircon composition for all 
experiment analysed and presented in chapters 4.2 and 5.2 can be found in Appendix 
One. 
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4.2 Experimental Determination of the Distribution of REE 
Between Zircon and Granitic Melt at Crustal Pressures 
The following section is structured with the intention of publication. As such the 
prefix 4.2 has simply been added to the existing section headings. The numbering of 
figures and tables is consistent with the thesis logic. In future chapters this section is 
referred to as Taylor et a! (2009a). 
N.B. Figure captions making reference to methods from section 3.3.1/3.3.2' refer to the 
method section within Chapter 4.2. 
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Experimental Determination of the Distribution of REE 
Between Zircon and Granitic Melt at Crustal Pressures 
R.J.M. Taylor, S.L. Harley, R.W. Hinton & S. Elphick 
School of GeoSciences, University of Edinburgh, Edinburgh EH9 3JW, UK 
4Abstract 
High pressure experiments are used to grow zircon crystals in trace element 
doped peraluminous melts at 5 kbar and 850°C-1000°C using internally heated gas 
apparatus. Small grain size meant that a mass balance approach is used to determine 
the REE composition of zircon in order to calculate equilibrium DREE  zircon/melt 
values at these conditions. 
The HREE are the most compatible in the zircon grains with DGd = 3.7-6.7 
and Dyb = 11-30, while DLREE  values are approximately unity. The middle to heavy 
REE produce the most robust data with good statistical reliability, while the LREE, 
due to low concentrations in the zircon, are less statistically robust but do produce 
consistent D values. 
This study produces D values that are similar to data from other experimental 
studies at a variety of temperatures, pressures and melt compositions. However D 
values from natural zircon/matrix pairs produce values far larger for the DHREE  than 
those seen in this and other experimental studies. 
4.2.1. Introduction 
Zircon is a mineral of singular importance in Earth Science. Already 
established as the most robust method of dating ancient rocks using U-Pb 
geochronology (e.g. Williams, 1992; Black and Jagodzinski, 2003), its 
responsiveness to high-temperature geological processes coupled with its variable 
resilience to later low-grade chemical and physical alteration makes it a key sensor 
of crustal development and continental evolution (e.g. Kemp et al, 2006; Wilde et al, 
2001; Nemchin et a!, 2006). The increasing library of trace element (Ti, Sc, REE) 
and isotopic information (Lu-Hf, 0, Sm-Nd, He) that can be obtained from zircon 
has recently enhanced its application to important issues on the oldest rocks and 
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origins of continents (Kemp et al, 2006; Valley et al, 2005), temperatures of magma 
crystallisation and fractionation, origins and sources of magmas (e.g. Valley, 2003), 
sediment provenance and timing of metamorphic events in the deep crust (e.g. 
Rubatto, 2002; Rubatto and Hermann, 2003; Harley and Kelly, 2007). 
Zircon grains crystallised in felsic- intermediate igneous rocks, or produced 
through mineral-fluid-melt reactions in metamorphism and hydrothermal deposits 
often incorporate a large suite of lithophile elements such as Sc, Y, REE, Ti, Hf, Th, 
U, Nb, Ta, V and P (Hinton and Upton, 1991; Hoskin and Schaltegger, 2003; 
Belousova et al, 2002; Rollinson, 2003). A greater understanding of the 
incorporation of these elements into zircon is required in order to interpret them in 
terms of geological processes, such as tracing magmatic evolution and mixing (e.g. 
Kemp et al, 2007) or relating zircon growth and modification zones to specific 
metamorphic events (e.g. Harley et al., 2007; Kelly and Harley, 2005; Vavra et al, 
1996). This is important, as zircon grains in igneous and metamorphic rock can often 
show multiple rims and zones that in principle, provided reliable chemical signatures 
can be identified, may be used to define discrete events through which the zircon has 
survived. 
Previous studies of the distribution of the REE between zircon and melt, usually 
expressed via elemental distribution coefficients by weight (DpE) (Beattie et al, 
1993), have adopted either empirical (natural rock) or experimental approaches. 
Unfortunately, these alternative approaches have yielded DREE  values that vary 
widely and are mutually inconsistent (Hanchar & van Westrenen 2007). 
Empirical studies have analysed REE concentrations of zircon and their host 
matrix in natural rocks, preferably in glassy host material that can be inferred to be 
quenched melt (Nagasawa, 1970; Fujimaki, 1986; Sano et al. 2002; Hinton and 
Upton, 1991), or analysed zircon and their enclosed melt inclusions (Thomas et at. 
2002). It is, however, well established that this approach must be treated with caution 
as the resilient nature of zircon means that it may no longer be residing in the melt in 
which it originally crystallised, and therefore may not be in trace element 
equilibrium with the measured host matrix. For example, the zircon may be 
xenocrystic in relation to its preserved host glass, which may have undergone 
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fractionation subsequent to zircon crystallisation if Zr saturation was initially 
achieved at high temperature (e.g. Miller et al. 2007) or through magma mingling or 
mixing. 
Experimental determination of equilibrium zircon-melt PEE distribution data 
would appear to be the ideal approach to the problem. However, in practice there are 
three problems to be addressed. Firstly, demonstration of the attainment of 
equilibrium over the geologically short timescales of experiments is not 
straightforward in the case of zircon. Secondly, the range of melt compositions that 
can be examined experimentally is limited because of the laborious nature of the 
experimental work. Most critically, however, is the difficulty of experimentally 
producing zircon grains that are large enough for trace element analysis (Hanchar 
and van Westrenen, 2007). Despite these limitations, several early studies produced 
DREE (zircon/melt) data (Watson, 1980; Dickinson et al. 1980; Okano et al. 1987) 
that are now complemented by two recent studies conducted at differing P-T 
conditions and with differing bulk chemical systems (Rubatto and Hermann, 2007; 
Luo and Ayers, 2009). These experiments have yielded an unrealistically wide range 
of distribution coefficients, both between studies and within individual data sets 
(Hanchar & van Westrenen, 2007). This highlights the need for further zircon-melt 
REE partitioning data and a greater understanding of trace element incorporation into 
zircon. Apart from disagreement between studies, one of the main unresolved issues 
is that the natural rock studies generally have DREE  zircon/melt values that are an 
order of magnitude higher than those seen in experimental studies (Hanchar and van 
Westrenen, 2007 and references within). Whether this reflects a lack of attainment of 
equilibrium in the experiments, or a fractionation bias in the natural rock studies, 
requires resolution. 
This study aims to contribute to present understanding of the incorporation of 
trace elements in zircon through experimental determination of the uptake of rare 
earth elements (REE) into zircon formed in equilibrium with crustal melts. A 
detailed set of experimental zircon-melt REE partition coefficients have been 
obtained over a range of temperatures (850 0C-10000C) at 5 kbar for liquid 
compositions typical of leucogranitic to granitic melts produced from the anatexis of 
pelitic rocks in the deep crust (Patino Douce and Johnston, 1991; Carrington & 
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Harley, 1995). The data obtained are compared with recent experimental data 
obtained using other techniques (e.g. piston cylinder apparatus) and at different P-T 
conditions, and used to model the uptake of REE in zircon for input into trace 
element partitioning data sets. Finally, the zircon-melt REE distribution relationships 
are applied directly to determine whether zircon grains seen in natural melts are in 
equilibrium with their host material, and to constrain ancient crustal magma 
compositions based on natural zircon REE analyses. 
1 22. Experimental and Analytical Techniques 
4.2'2.1 Choice of Bulk Compositions and Experimental Conditions 
The experiments have been designed to reproduce zircon-melt trace element 
relationships established during melting of fertile pelite protoliths in the middle to 
deep crust during high-grade metamorphism and anatexis. Hence, the experiments 
have been run at 850°, 9000,  950° and 1000°C and 5 kbar in internally heated gas 
apparatus and the melt composition has been chosen to be appropriate to these 
melting conditions. The experimental logic and results of Carrington & Harley 
(1995), who determined biotite-bearing phase equilibria and related melt 
compositions in the KFMASH system, were followed in the selection of the melt 
composition. A model peraluminous granitic NKFMASH melt composition 
reflecting that formed from the melting of moderate Fe-Mg pelitic rocks during 
anatexis at 850-1000°C and 5-7 kbar (Harley & Carrington 2001), has been used 
here as the basis for the starting gel compositions. The melt major element 
composition of this melt is reported in Table 4.2. The H20 contents added to the runs 
have been calculated to result in the production of H20-undersaturated melts 
comparable in wt% H20 to those produced through crustal anatexis (3-5 wt% H20) 
and also to enable the determination of any I-1 20-dependent variations in REE 
partitioning at a given P-T condition. Phosphorus is an essential trace element 
constituent for these experiments as it is involved in a 2-site coupled substitution (the 
"xenotime" substitution) that is proposed for the incorporation of REE into zircon via 
the following mechanism: (Y, REE) 3 + 	= Zr4 + Si4 (Speer, 1982). The 
experiments by Watson (1980) did not include phosphorus, and this is regarded as an 
important source of error for that work, which is discussed later. 
Gel 1 (Gil Granite Gel 2 (G2) Granite + Zircon 
Wt% oxide Total Element ppm REE in melt ppm (n) Wt% oxide Total Element ppm RU in melt ppm (n) 
Si0 2 	70.0 Si 	 326827.5 SiO2 64.5 Si 	 300417.7 
A1 2 03 	15.0 Al 79292.5 A1 2 0 3 	12.8 Al 67498.8 
FeO 3.5 Fe 	 27170.4 FeO 3.0 Fe 	 23232.4 
MgO 	1,5 Mg 9033.3 MgO 	1.3 Mg 7809.9 
Na 2 0 	4.0 Na 	 29637.7 NaO 3.4 Na 	 25130.9 
K20 6.0 K 49741.7 K,O 	5.1 K 42177.9 
ZrO, 	0.0 Zr 	 199.7 Zr0 2 9.9 Zr 	 73218.5 
P 	 649.2 P 	 647.6 
V 30.0 V 89.7 
Hf 	 3.0 Hf 	 2394.1 
LI 169.8 Li 144.5 
La 	 41.4 La 	 176.26 La 	 41.3 La 	 175.83 
Ce 91.9 Ce 152.31 Ce 91.7 Ce 151.94 
Pr 	 93 Pr 	 104.09 Pr 	 9.3 Pr 	 103.84 
Nd 34.4 Nd 75.99 Nd 34.3 Nd 75.81 
Sm 	 8.6 Sm 	 58.74 Sm 	 8.6 Sm 	 58.60 
Eu 0.6 Eu 11.08 Eu 0.6 Eu 11.06 
Gd 	 14.3 Gd 	 72.69 Gd 	 14.3 Gd 	 72.52 
Tb 2.4 Tb 65.45 Tb 2.4 Tb 65.29 
Dy 	 14.9 Dy 	 61.28 Dy 	 14.8 Dy 	 61.13 
Ho 2.9 Ho 52.05 Ho 2.9 Ho 51.92 
Er 	 8.7 Er 	 54.69 Er 	 8.7 Er 	 54.56 
Tm 1.2 Tm 50.80 Tm 1.2 Tm 50.67 
Yb 	 7.6 Yb 	 46.92 Yb 	 7.6 Yb 	 46.81 
Lu 1.2 Lu 49.42 Lu 1.2 Lu 49.30 
Table 4.2. 1 able shm% inu the major and trace element concentrations of the gels used as starting materials for all ihe 
runs in the ,ircon-melt study. 
2.2 Starting Materials 
All experiments used gel, mixed gels, or gel plus minor amounts of finely 
crushed natural zircon as starting materials. Gel starting materials were produced 
using the 'Co-precipitation gel method' (Hamilton and Henderson, 1968; Biggar and 
O'Hara, 1969) using reagent grade materials for major and trace elements. Gels have 
several advantages over other starting materials such as sintered oxides or rock 
powders, with small grain size (-10 times smaller than sintered oxides) and can be 
made to customised compositions involving many major and trace components. Gels 
also have the advantage of creating a homogenous starting material (Hamilton and 
Henderson, 1968). 
Two gels were produced in the NKFMASH system, adjusted to contain a 
suite of suitable trace elements for the experiments (Table 4.2) at different Zr 
contents. One gel (GI) was prepared to be equivalent to NKFMASH granitic melt 
doped with Hf, Y, P and REE and 200 ppm Zr, approximately the saturation in these 
melts according to the Zr saturation thermometer of Watson & Harrison (1983). The 
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other gel (G2) was prepared with a high Zr content (-40 wt% Zr02) and 
appropriately high amounts of REE and P equivalent to the NKFMASH granitic melt 
plus ca. 15% nominal zircon ('zircon + melt' gel). By mixing these two gels it was 
possible to vary the amount of zircon produced in an individual run while keeping 
the main major element chemistry the same. In addition, in a few experiments small 
amounts (- 2-3 wt%) of a natural low-REE zircon were added as seed material in 
order to force an increase in zircon growth compared with nucleation rates. Electron 
probe analyses of Gel GI glass (See end of Section 3.2.4) from the hot-stage 
microscope show good correlation for major elements predicted in Table 4.2, an 
average of 25 analyses gave values of: Si02, 71.32 wt%; A1 203 , 15.60 wt%; MgO 
1.61 wt%; and FeO 3.84 wt%. Totals for Na20 and K20 were low by a several wt% 
which is expected of electron probe analyses for alkali elements. 
An extensive pilot study was initially conducted to optimise the production of 
zircon grains with average diameters of greater than 20-30 rim, so that individual 
grains could be analysed using the ion microprobe. Several types of starting material 
and crystal-gel configurations were employed in this exploratory phase of the study, 
as follows: 
G I and G2 placed at either end of capsules to produce a large Zr gradient, 
encouraging transport of Zr and growth of new crystals near the boundary; 
As (a) but including zircon seed material along the boundary between gels 
('sandwich experiment') and/or disseminated within GI as focus points for 
growth if spontaneous nucleation did not occur; 
Intimate mix of G I and G2 in varying proportions, to vary total Zr in the 
capsule. 
As (c) but including seed zircon in layers or disseminated through the 
mix as focus points for zircon growth. 
All attempts to produce zircons suitable for individual SIMS spot analysis failed. In 
each case only occasional grains >10-15 gm were formed, method (a) produced 
grains only in the G2 areas, with no growth in the G 1 area through Zr transport, and 
in case (b) very little of the sandwich zircon dissolved in melt and only trivial 
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amounts of new zircon formed. The sandwich type of experimental arrangement was, 
therefore, abandoned. Further experiments with configuration (b) and (d) showed 
that whilst new (higher-REE) zircon did form, it could not be analysed without 
contamination from the largely undissolved relict 'seed' cores. As this was the case 
irrespective of the extent of initial temperature overstep and rate of cooling to the 
final run temperature used in the trial runs, configuration (a) and all methods using 
seed material were abandoned, leaving (c) as the starting mix configuration used in 
the equilibrium partitioning experiments. Configuration (c) had the advantage of 
yielding abundant new, euhedrallacicular zircon, but the disadvantage of forming 
zircon grains always less than 15 pm in maximum dimension, and mostly only 1-3 
pm in width. As it is not possible to analyse individual grains of this size using SIMS 
the use of this experimental set-up required adoption of a detailed and analytically 
intensive zircon-melt mixing line strategy in order to extract zircon REE 
compositions, as described in depth below. 
422.3 Experimental Setup 
Six sets of runs, each containing 3-6 capsules, were carried out using the 
internally heated gas pressure vessels at The NERC Recognised Experimental 
Geoscience Facility, University of Edinburgh. Experiments were performed at 5 kbar 
and 850°C - 1000°C and typically ran for 220-340 hours. One experiment at 900°C 
and 5 kbar was run for 450+ hours to confirm that the equilibration time was 
sufficient. Internally heated gas pressure vessel procedures follow those described by 
Carrington & Harley (1995), leading to precisions in temperature of ±10°C and in 
pressure of ±0.1 kbar. 
Runs used 20mg of starting material, including 3-4 wt% H20 loaded into 
Ag50Pd50  metal capsules with 2mm external diameter. This alloy was preferred as it 
has the benefit of being able to endure high-temperature runs for long periods of time 
without absorbing Fe contained within the starting material. Tantalum chips were 
placed in the sample chamber to help maintain an atmosphere relevant to the lower 
crust during the runs (Carrington & Harley, 1995; Carrington, 1993, PhD thesis) of 
0-1 log units below QFM, whilst being careful not to interfere with either the 
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thermocouples or the capsules. Full details on the run conditions for these 


























































Predicted Starting Composition 
Weight % oxide 
Si0 2 66.3 65.2 64.6 65.2 65.1 64.4 65.5 64.7 
A1 20 3  13.9 13.5 13.3 13.5 13.5 13.2 13.6 13.3 
FeO 3.2 3.2 3.1 3.2 3.2 3.1 3.2 3.1 
MgO 1.4 1.4 1.3 1.4 1.4 1.3 1.4 1.3 
Na 2 0 3.7 3.6 3.5 3.6 3.6 3.5 3.6 3.5 
K 20 5.6 5.4 5.3 5.4 5.4 5.3 5.4 5.3 
ZrO 2 2.9 43 5.8 4.3 4.3 5.7 4.3 5.8 
ppm 
P 629.8 627.1 628.7 626.5 625.9 626.9 629.6 629.9 
V 46.5 55.0 63.8 54.9 54.9 63.7 54.8 64.3 
Hf 700.5 1045.6 1394.8 1043.2 1043.3 1392.6 1033.4 1411.4 
Li 157.4 153.1 149.9 153.0 152.9 149.5 153.9 150.1 
REE ppm (n) 
La 170.99 170.27 170.71 170.10 169.94 170.21 170.94 171.04 
Ce 14736 147.14 147.52 146.99 146.85 147.09 147.71 147.80 
Pr 100.98 100.55 100.81 100.45 100.36 100.52 100.94 101.00 
Nd 73.72 73.41 73.60 73.34 73.27 73.38 73.70 73.74 
Sm 56.98 56.74 56.89 56.69 56.63 56.72 56.96 57.00 
Eu 10.75 10.71 10.73 10.70 10.69 10.70 10.75 10.76 
Gd 70.52 70.22 70.40 70.15 70.08 70.20 70.50 70.54 
Tb 63.50 63.23 63.39 63.16 63.10 63.20 63.47 63.51 
Dy 59.45 59.20 59.35 59.14 59.08 59.18 59.43 59.47 
Ho 50.49 50.28 50.41 50.23 50.18 50.26 50.47 50.50 
Er 53.06 52.83 52.97 52.78 52.73 52.81 53.04 53.07 
Tm 49.28 49.07 49.19 49.02 48.97 49.05 49.26 49.29 
Yb 45.52 45.33 45.44 45.28 45.24 45.31 45.50 45.53 
Lu 47.94 47.74 47.86 47.69 47.65 47.72 47.93 47.96 
Table 4.3. lull details of the run conditions tir all X experiments in the zircon-melt stud. P-I conditions, duration and 
maior and trace element composition details. Compositions are predicted totals based on the mixture of gels used. Al 
values are nornialised to Anders and (irevasse 199). 
The runs involved a two stage heat-settling process. All runs were heated to 
1050°C for at least 2 hours at the start of the experiment, then brought down to the 
run temperature over a period of approximately 10 minutes. Following this pre-
equilibration stage the experiments were held at the required run temperature for the 
remaining duration of the experiment (typically 220-330 hours). This initial 
temperature overstep / heat -settling approach was adopted in order to a) ensure that 
more Zr is initially dissolved in melt (in the case of the end-member gel G  all the Zr 
would be dissolved) and promote dissolution of any early-nucleated zircon, and b) 
encourage zircon crystallisation through oversaturation (Watson and Harrison, 1983) 
as temperature is decreased to the fmal run temperature. This approach was highly 
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successful in ensuring nucleation of abundant acicular zircon, but could not generate 
zircon coarse enough to analyse as individual grains by SIMS. 
A further experiment involving zircon growth in a run that also grew 
abundant large orthopyroxene is discussed in Chapter 6. This run, with a comparison 
to the 8 runs in the zircon-melt, provides an important test of the ability of zircon to 
reach REE equilibrium over the timescale of these runs. 
42.2.4 Analytical Techniques 
Secondary Ion Mass Spectrometry (SIMS) trace and REE analysis of run 
products (zircon, glass and zircon-glass mixtures) was carried out at the NERC Ion 
Microprobe Facility, University of Edinburgh, using the EMMAC Cameca ims-4f 
ion microprobe. Analytical and correction procedures follow those outlined by 
Hinton and Upton (1991). Analyses used a 14.5 KeV primary beam of 0 at -5 nA 
primary current focussed to a 20-25 im spot. Secondary ions were measured at 120V 
offset, with 10 analysis cycles made through the masses of interest. Elements 
analysed were 7Li, 30Si, 31 P, 42Ca, 47  Ti, 9Y, 90Zr, 93Nb, 138Ba, REE and 177Hf, each 
full SIMS analysis taking 25 minutes in total. Ion yields were calculated using the 
NIST SRM-610 glass standard and concentrations were referenced against Si, as 
determined by electron microprobe. Corrections for ZrSiO overlap on 38Ba, 139La, 
140Ce and ' 41 Pr using count rates measured at mass 134 are common for zircon 
analyses, but were not used in the zircon-bearing glass analyses for this study. The 
mass 134 overlap correction for the LREE is greatest for 140  Ce+  and for a pure zircon 
analysis (which is a larger correction than a mixed zircon-glass analysis) would 
amount to a total correction of 0.08 ppm (139 La+ 141 + , 0.02; Pr , 0.003). Therefore the 
correction was deemed unnecessary for the zircon glass analyses in the study. 
Analytical reproducibility during and between analytical periods was tested using 
analyses of the 91500 and SL13 zircon standards. 
One important aspect of the SIMS data processing in this study was the use of 
a single Si content for each individual run. Each SIMS data point is referenced 
against Si to obtain the total concentration of each element in the analysis. As the 
melt (glass) has higher SiO2 (--65-70%) than zircon (-30-35%), as the analyses 
incorporate more zircon the Si reference number would have to be changed, which 
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would require each individual data point to be separately processed. Instead, to save 
on complex processing time, a single Si reference number, corresponding to the melt 
composition, was used. As a consequence the more zircon-rich end of the mixing 
line is a several percent higher in REE ppm than the true value. However, the 
corresponding drop in Zr content for those analyses, by the same percentage, results 
in a nearly identical regression to the final zircon composition, and therefore any 
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Fig. 4.8. Plot sho%ing the SIMS mixing line data plotted using the Si aIue of the melt (red circles) which as the 
standard method used in this studs. The same data is also plotted relrenced against the Si value for a 60:40 mix 
of melt and zircon (blue diamonds). which represents the value at the most iircon-rich end of the plot. Indix idual 
processing for the Si content of each data point is unnecessan as the new I>  produced combination mixing line 
would not dit1r from ithin the errors o1 the red circle alues. 
Experimental glasses were analysed for their major elements using the 
Cameca SX- 100 5 spectrometer electron microprobe at EMMAC, Grant Institute of 
Earth Science, University of Edinburgh. Operating conditions were 15 kV and 5 nA 
absorbed sample current, with spot counting for Na and K followed by 30 second 
counting times on the other elemental peaks (Si, Al, Fe, Mg). Analyses were reduced 
using Cameca PAP software (Pouchou and Pichoir, 1984). 12-25 glass (melt) 
analyses were made in each sample. Totals were consistent with the amount of trace 
elements and H20 added into the run, combined with some loss of alkali elements 
during analyses (Table 4.4). 
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Unfortunately the electron probe could not be used successfully to obtain 
zircon analyses from the runs. Unlike the SIMS technique, which involves the 
physical removal and collection of material from the sample surface, the electron 
probe is not designed to be able to cope with heterogeneous samples. Even with the 
small spot size of the electron probe the area below the sample surface affected by 
the beam is larger than the zircon grain size, and therefore crystal "edge effects" and 






















510, 5667 65.31 63.. 32 66.34 65.20 65.85 68.02 33 
Al,0, 14.38 1416 14 533 14,49 14 *9 14 56 1389 13 1K. 
FeO 3.61 3.54 3.33 3.34 3.04 2.95 1.83 183 
MgO 1,45 1.43 1.13 1.24 1.02 0.94 0.62 0,60 
N.,O 3,18 3.13 3.21 3.18 1.80 2.92 3.17 3.79 
K,0 1 56 3.46 3.63 3.51 349 3.6* 7.72 3.20 
Total 92.85 91.03 92.11 92.12 8974 90.81 91.25 91.92 
Zr (pp-) 685 695 431 434 143 126 *46 106 
Trace EI.m.nl (pp.) glass ± error 	zircon glass I error 	zircon glass * error 	zircon glass * error 	zircon glass * error 	zircon glass *error 	zircon glass * error 	zircon glass * error 	zircon 
P 1180.4 7063 1719.7 7016 1340 308 3 1081.8 :0925 1:232 113259 1011 3. 714 1 103.6' 1301 1 131266 15169 
La 38.3 0,21 2611 38.3 0.12 313 39.4 0,23 28.5 37.5 0.20 26.6 3615 0,23 30.0 38.9 0,20 32.3 40.5 0.21 34.5 42.3 0.20 44.6 
CO 84.0 0.89 58.5 85.0 0.48 87.4 81.8 0.98 76.9 83.5 0.83 61.5 83.7 0.96 80.7 86.1 0.84 80.3 91.1 0.89 105.1 91.7 0.83 120,3 
Pr 8.3 0.03 6.9 1.8 0.02 9.1 8.4 0.03 6.4 75 0.07 6.5 7.8 0.03 8.0 7.9 0.0/ 8.1 8.9 0.03 12.4 8.1 0.02 Il.) 
Nd 30.5 0.67 41.0 31.8 0.58 43.8 31.8 0.74 43.6 32.2 0.65 34.8 299 0.71 46.6 33.2 0.63 39.3 31.5 0.66 97.1 32.8 0.62 96.2 
Sm 6.7 0.09 14.5 6.6 0.08 20.9 6.3 0,09 20,2 6.4 0.08 20.9 62 0.09 20.2 7.0 0.09 13.8 4.3 0,07 40,6 4.2 0.06 40.2 
Eu 0.9 0.01 1.9 0.8 0.01 1.9 0.7 0.01 7.3 0.7 0.01 1.3 03 0.01 1.5 0.1 0.01 1.3 0.6 0.01 3.4 0,6 0.0* 3.3 
Gd *1.0 0.13 57.9 0.0 0.16 0,0 9.5 0.13 55.4 8.4 0.10 56.6 04 0.12 46.5 1011 0.11 38.1 5.5 0108 92.0 6.0 0.08 12.7 
Tb 1.4 0.00 12.0 1.2 0.00 10.2 1.3 0.00 9.9 1.3 0.00 10.1 12 0.00 8.4 1.5 0.330 8.4 1.0 0.00 15.0 0.9 0.00 112 
Dy 8.4 0.15 19.9 7.8 0,12 78,7 5.2 0.12 65.6 6.5 0.12 78,2 7.8 0.15 55.2 8,1 0.13 55.3 4,1 0,09 *00,2 4.4 0.09 86.3 
PlO 1.4 0.01 11.5 1.6 0.01 14.9 110 0.01 14,5 1.2 0.01 14.8 1.1 0.01 *2.2 1.4 0.01 12 	I 0.8 0.00 20.0 0.7 0.00 11.1 
Er 4.0 0.06 $8.5 3.6 0.05 57.9 2.6 0.05 49.3 311 0.05 49.8 3 / 0.06 42.2 3.9 0.05 42.1 7.0 0.04 57.4 1.9 0,04 49,0 
Tm 0.6 0.00 11.2 0.6 0.00 8.8 0.3 0,00 7.5 0.5 0.00 8,7 05 0.00 7.6 0.5 0,00 7.5 0,3 0,00 9.9 0.3 0.00 7.5 
Yb 3.4 0,07 66 I 1.9 003 58.1 2.0 0.06 41.5 1.5 006 505 18 0.0/ 42.? 3,5 0.0/ 43 '1 I 	3 0.04 51.4 0.9 0.03 41.1, 
Lu 0.6 0.00 12.4 0.4 0.00 11.0 0.3 0,00 9.7 0 5 0.00 95 0.5 0.00 9,8 0,4 0.00 8.6 0.1 0,00 11.3 0,3 0.00 9.7 
Table 4.4. Major and trace element compositions of the melt (glass) for each run in the study. Major element concentrations are based on 12-25 electron probe analyses 
and I sigma errors. Trace element concentrations and errors are based on SIMS analyses. Trace element concentrations ol'zircon are also shon br each run based on 
REE extrapolation l'rorn mass balance method (Section 3.3.1). All ppm concentrations are normalised to Anders and Crevasse 1989). 
It 
3. Results 
4 3.1 Run Products 
Experimental run products were imaged on the SEM prior to analysis using 
the Back Scattered Electron (BSE) detector to examine textures and select areas for 
analysis. Glass formed from the quenching of the granitic melt forms 85-90% of the 
run product, the remainder usually being zircon grains crystallised during the run. 
Whilst the majority of run products contain zircon as the only crystalline phase, 
orthopyroxene (2-15 vol%) occurs in 3 of the runs at 850°-900°C and quartz may be 
present in the glasses in experiments at 850°C. Figure 4.9 shows BSE images of 
typical run products. 
Fig. 4.9. BSI iniages shim im i piead run products anal sed in this siud. /ireun cratils sho up 	stiaIl. hriht. 
elongate cr stals in the dark ire granitic glass. Dark circles are gas bubbles ss Inch esol ed on cooling of the 
run. Mixing high-Zr and loss-Zr gels tornis run products sith ar ing densities uliircon in the same capsule. 
ideal tr production of mixing lines for regression analysis. a) High zircon densitN in capsule zl7-2. b) Lo' 
zircon densit) in capsule ii 7-2. c) High ,ircon dcnsit in capsule ti -2. d lo tircon densit in capsule tl 
Zircon crystals form 7-15% of the run product and are easily distinguishable 
by their high BSE response compared to the glass. Runs consistently produced zircon 
grains up to 1 5tm in length and up to Slim  in diameter, with some larger grains, and 
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distribution is variable within the capsule. No zoning is visible in the grains using 
BSE imagery, though the small grain size may make any zoning difficult to detect. 
As noted in the methods section, the usual grain size of the zircon produced in the 
runs is too small for a single spot analysis with the ion microprobe. However the 
variable spatial distribution, density and clustering of crystals within the run products 
makes them ideal for the production of a zircon-melt mixing line from which the 
composition of the zircon can be extrapolated by regression for each trace element. 
Previous experimental work that has used this approach has argued it to be a viable 
method for constraining experimental zircon REE concentrations (Rubatto and 
Herman, 2007), even when extrapolating from much lower zircon concentrations (1-
5vol %) than those achieved here. However, in order to test the validity of the zircon 
composition data produced by the mixing line method we also have calculated zircon 
compositions from modal abundance and melt-based mass balance approaches. The 
results of each method and their accompanying errors in terms of zircon REE 
contents and derived zircon-melt distribution coefficients (DE) are described and 
compared below. 
4.23.2 Melt (Glass) Compositions 
In 7 out of the 8 equilibration runs (with the exception being run z9-5 at 
850°C) we were able to analyse clean, zircon-free melt patches or areas for the REE, 
Zr, P and Li contents, referenced against Si. These areas were also analysed by 
electron microprobe for their major element compositions so that the SIMS REE and 
Zr measurements could be correctly converted into ppm. These trace element 
contents are reported along with major element compositions of the experimental 
glasses in Table 4.4. 
Glass (melt) REE compositions are depicted on the conventional logarithmic 
REE diagram of Figure 4.1 Oa, normalised against the chondrite values of Anders & 
Grevasse (1989). Melts from all experiments at 900°, 950° and 1000°C have similar 
major element compositions, with Si0 2 contents -65-66%. These melts also have 
very similar REE concentrations and patterns (Figure 4.1 Oa), with HREE at Ca. 10-40 
times chondrite, a strong negative Eu anomaly (as dictated by the starting material 
composition), and LREE increasing from 30-50 ppm at Sm(n) to 135-180 ppm at 
W. 
La(n). Errors on these analyses are based on propagation of the analytical 
uncertainties (< 5-15% error on each element) along with the point-to-point 
variations in concentration (2-4 melt analyses in each experiment). 
Analysed melts in experiments z9-3 and z9-5, conducted at 850°C, are 
displaced from this expected composition towards higher Si02 (-68%), and with 
lower Fe and Mg concentration than expected. These melts crystallised late skeletal 
and feathery orthopyroxene, and may contain microlites of quartz. Both of these may 
lead to the elevation in Si02 of the measured melt, whilst the presence of fine quartz 
may cause the measured REE to be depressed below that of the melt alone. The REE 
contents of these melts differ from those at 900°C-i 000°C in being relatively 
depleted in MREE-HREE (Sm and Gd-Lu). These compositional features will be 
returned to in the discussion. 
I 
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Fig. 4.10. ('hondrite normalised REF plots shots ing a) Composition of melts . ithin all runs in this sttid at each 
temperature from 850c_1000cC .  hI Zircon compositions for each run as calculated using the mass balance method 
(Section 33.1 I, All ahies are normalised to Anders and (ireasse (1989). 
The Zr contents of the zircon-saturated melts produced in these experiments 
can be applied as an initial test of equilibrium. As demonstrated by previous 
experimental work (Watson and Harrison, 1983; Rubatto and Hermann, 2007; Luo 
and Ayers, 2009) if equilibrium is attained Zr saturation in the melt should show a 
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systematic variation with temperature, depicted in terms of log(Zr) plotted against 
inverse temperature (1 0000/T) in Figure 4.11. The melt Zr data from this study, 
though offset to slightly higher Zr at a given T from the calibration of Watson & 
Harrison (1983), follow a similar log(Zr) - (10000/T) relationship and are entirely 
systematic - consistent with a good approach to equilibrium at least in terms of melt 
composition for most of the experiments. 
7 
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Fig. 4.11. Plot showing the variation in Zr content of the melt with temperature. Zr concentrations are (rum 
SlMSanaksis ofcrvstal free glass. For comparison the expected trvalues for these melts as calculated from 
Watson and I larrison (1983) are shown \V&l I 1983). as well as the values from the recent study by Ruhatto 
and I lermann (2007) (R&112007). 
4.: 3.3 Zircon REE Compositions 
.3.3.1 Mixing Line Analysis (Regression Approach) 
Between 20 and 40 analyses were made of zircon-melt mixes in each run 
using the Cameca IMS-4f ion microprobe at the EMMAC Facility, University of 
Edinburgh. In 7 out of 8 runs the clean, zircon-free melt could further be used to 'fix' 
or anchor one end of the regression line fitted through the zircon-melt mix analyses. 
The highest Zr contents in any one SIMS analytical spot measured varied from 
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'---lOO,OOOppm to 220,000ppm between experiments, which translates to between 
20% and 45% equivalent zircon in the analysis. These analyses were plotted for each 
REE against Zr to produce regression lines for each individual run. 
An example of the type of analytical data produced and the constraints on the 
fitted regression lines for several of the REE is presented in Figure 4.12, for 
experiment z16-2 conducted at 950°C. Mixing lines for all runs in the study can be 
found in Appendix One. The large number of analyses, good spatial resolution of the 
ion microprobe beam with high sensitivity, and relatively broad spread in apparent 
Zr enables the extrapolation of statistically robust results, particularly for middle to 
heavy REE concentrations in zircon. In comparison, previous zircon-melt mixture 
data such as that presented by Rubatto and Hermann (2007) extrapolated zircon REE 
from regression lines based on only 1-5% equivalent zircon. 
Each mixing line was regressed to the nominal concentration of Zr in zircon 
(-500,000 ppm) to calculate REE concentrations of zircon in that experiment. 
Concentrations were thus calculated for all the REE in each run. The greatest 
sensitivity and hence statistical reliability is for those REE with the highest DREE 
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Fig. 4.12. Examples of the mixing lines used to extrapolate the RlI. composition of - zircon fir capsule 7.16-2. t Ill  to4() 
SIMS analyses provide a regression line fir each RIIl against Zr contents up to 2200X) ppm (-4% zircon). Ihese 
examples sho Zr against a Nd. hI Sm. c) Gd. dt Yb. Ihe final plots show some of the statistical properties of the data 
as calculated h) the program R for Yb in tile run zlb-2. c) Comparison of the data points to the running mean value. 
This plot helps to identify outh ing points that can be checked to see if they lie on a crack etc in the sample. If that is 
the ease then the) can he discarded. Me important aspect of this data is that the points are randomly distributed either 
side of the mean value. f) I he Normal Q-Q" plot sohws how close the values in the data-set are to a normal 
distrihutution (dashed tine). 
In all 8 experiments Sm and the MREE-I-IREE from Gd-Lu have R values of 
greater than 0.75 for the regression lines. These are the elements of greatest interest 
in this study as they strongly partition into zircon compared to the LREE (Hoskin 
and Schaltegger, 2003). For those elements where the DREE zircon/melt value is close 
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to unity, typically the LREE, the regressions are of lower statistical quality. This is 
due to the low concentrations of the LREE in the zircon grains, resulting in melt-
dominated analyses for these elements for most of the data sets; the values reported 
in this study, therefore, most likely represent maximum DLREE  values. Nevertheless, 
the observation that plots of most LREE against total Zr have low positive to 
negligible slopes is important in demonstrating that the distribution of these LREE 
between zircon and melt must approach unity. Very low DLREE,  as might be predicted 
from some natural rock studies (e.g. Sano et al, 2002), would certainly be manifested 
in strong negative slopes on the REE versus Zr plots for La, but are not observed. 
Zircon REE concentrations determined using this mixing line method are 
listed in Table 4.4 and the resultant patterns plotted in the chondrite normalised plot 
of Figure 4.10b. In support of a close approach to equilibrium, it is encouraging that 
the resultant zircon REE patterns are smooth and self-consistent, even though in each 
run the extrapolated REE concentrations have been regressed separately for each 
individual REE. All zircon REE patterns are characterised by elevated HREE with 
200-600 times chrondrite, Yb(n)/Gd(n) 2-3, strong Eu depletion, and flat LREE at 
-100-200 times chondrite. Zircons in runs conducted at 850°C are identical in 
calculated REE contents and patterns to those produced at higher temperatures. 
Figure 4.13 and Table 4.5 show the calculated DREE  zircon/melt values produced 
using this regression method. A detailed discussion of the calculation of errors for 
the mixing line analysis is discussed at the end of this section. 
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Fig. 4.13. REF partitioning diagram (1) plot) of zircon/melt for all experiments in this stud) from 850C-100OC. 
based on zircon compositions obtained using the Zr regression method (Section 3.3.1). Values are consistent for 




















La 0.68 0.87 0.72 0.71 0.82 0.83 0,85 1.05 
Ce 0.70 1.03 0.88 0.74 0.96 0.93 1.16 1.31 
Pr 0.83 1.18 0.76 0.83 1.02 1.10 1.40 1.57 
Nd 1.34 1.38 1.37 1.08 1.55 1.26 3.08 2.93 
Sm 2.16 3.16 3.24 3.27 3.26 1.98 9.35 9.57 
Eu 2.19 2.19 3.13 2.00 1.64 1.86 5.75 5.17 
Gd 5.28 5.81 6.70 5.55 3.79 16.83 12.14 
Tb 8.77 8.61 8.22 7.70 6.76 5.64 15.63 14.40 
Dy 9.47 10.13 12.59 12.01 7.08 6.85 24.52 19.81 
Ho 12.35 9.43 15.13 11.98 11.03 8.84 26.65 23.63 
Er 14.76 16.12 18.94 15.86 11.38 10.70 29.18 26.23 
Tm 19.90 15.39 23.34 19.01 14.61 14.08 38.64 26.81 
Yb 19.45 30.01 20.83 19.81 14.87 12.10 45.01 44.54 
Lu 1 	20.951 26.411 36.391 20.981 18.951 19.48 102.351 36.52 
Table 4.5. Full set of partition coefficients obtained for zircon/melt from the Zr regression method (Section 3.3.1) 
ftr each run in this stud). Values arc those used in Fig. 4.12. 
In the case of the Zr mixing line approach the statistics program 'R' was used 
to calculate upper and lower 95% confidence limits of the REE regressions for each 
zircon composition. This, when combined with the analytical error on the melt 
analysis in the experiment, gives the error attached to the DREE  zircon/melt values. 
55 
Table 4.7 shows the DREE zircon/melt calculated for each experiment using the Zr 
regression method with associated errors. The LREE and Eu have very low 
concentrations in the run product zircon, and low R values for these mixing lines 
make them less statistically reliable. Figure 4.14 shows the DREE  data including 
errors for the 900'C-1000'C runs. As the zircon REE patterns are similar within 
error for these temperatures, we suggest that the presence of low-REE crystallites 
(e.g. of quartz) in the 850°C melt analyses cause these to be depressed in MREE and 
hence elevate the DREE data. The DREE data for 850°C may not be an accurate 
reflection of the DREE  zircon/melt values for this temperature at this melt 
composition. 
1000 
DREE (zircon/melt) Errors 
100 
10 
A 1000 (z17-1) 
A 1000 (217-2) 
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A 950 (z16-2) 
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Fig. 4.14. Errors calculated for the DREE (zircon/melt) a1ues for the 900C - 1000°C runs in this stud). Errors are 
based on the 95%  confidence limits for the regression lines lbr each RIiE combined A ith the errors frr indi idual 






















+ DR1! 	- + D 	- + D 	- + D 	- + D 	- + D 	- + 0rn + DIfl 	- 
La 021 0.68 0.20 0.16 0.87 0.16 0.17 0.72 0.17 0.09 0.71 009 0.12 0.82 0.12 0,11 0.83 0.11 0.17 0.85 0,16 0.14 1.05 0 13 
Ce 0.19 0.70 0.18 0.16 1.03 0.16 0,13 0.88 0.13 0.08 0.74 0.08 0.10 0.96 0 10 0.10 0.93 0 10 0.11 1.16 0.11 0.15 1.31 0 14 
Pr 0.32 0.83 0.29 0.71 1.18 0.20 0.24 0.76 0.22 0.13 0.83 0.12 0.15 1.02 0 14 0.16 1.10 0 15 0.24 1.40 072 0.32 1.57 029 
Nd 0.62 1.34 0.56 0.27 1.38 0.25 0.37 1.37 0.33 0.16 1.08 0.14 0.30 1.55 0.27 0.23 1.26 0.21 0.48 3.08 0.44 0.51 2.93 0.47 
Sm 1.11 2.16 0.93 0.85 3.16 073 1.12 3.24 0.92 0.56 3.27 0.55 0.95 3.26 0.77 0.53 1.98 0.45 2.48 9.35 1.98 2.71 9.57 2.18 
Eu 1.48 2.19 1.12 0.78 2.19 0.60 2.29 3.13 1.65 0.82 2.00 0.59 0.87 1.64 0.65 1.01 1.86 0.76 2.79 5.75 2.02 2.30 5.17 1.68 
Gd 1.30 5.28 1.15 1.70 5.81 1.49 1.09 6.70 0.96 1.27 5.55 1.10 0.81 3.79 0.73 3.87 16.83 3.33 3.47 12.14 3.01 
Tb 2.25 8.77 1.93 2,52 8.61 2.20 3.13 8.22 2.64 1.50 7.70 1.30 1.70 6.76 1.44 1.16 5.64 1,01 4.54 15.63 3.81 4.03 14.40 342 
Dy 2.61 9.47 2.26 2.60 10.13 229 4.28 12.59 3.54 2.22 12.01 1.91 1.72 7.08 1.46 1.41 6.85 1.23 7.85 24.52 643 5.59 19.81 4 66 
Ho 3.47 12.35 2.96 2.85 9.43 2 50 4.95 15.13 4.02 2.43 11.98 208 2.78 11.03 2 30 1.68 8.84 1 45 8.98 26.65 7.24 7.41 23.63 6.01 
Er 4.34 14.76 3.62 4.36 16.12 365 6.86 18.94 5.38 3.59 15.86 2.96 2.65 11.38 2.16 2.18 10.70 184 11.84 29.18 9.11 8.78 26.23 6.83 
Tm 5.93 19.90 4.67 4.97 15.39 399 9.88 23.34 7.07 4,47 19.01 3.52 3.89 14.61 2 97 111 14.08 2.48 16.93 38.64 11.96 10.40 26.81 7.61 
Yb 6.18 19.45 4,/5 7.71 30.01 629 9.40 20.83 6.58 4.96 19.81 3.74 4. 7 4 14.87 3.47 3.04 12.10 2 38 23.37 45.01 1533 23.20 44.54 14.90 
Mu 7.54 20.95 5.80 8.38 25.41 6.45 17.23 36.39 11.51 5.53 20.98 4.18 5.61 18.95 4.14 5.26 19.48 3.98 69.11 102.35 39.62 13.61 36.52 9.54 
Table 4.6. Iahk showing errors on calculated ,ircon/melt partition coefficients from the tr regression method (Section 3.3.1. Frrors are calculated from the I sigma 
contidcnce limits on the mixing lines. Mixing lines for La-Nd and Fu have loss statistical reliability (R..75) and therefore total errors on these elements may be larger due 






3.3.2 Modal Proportion Analysis 
A distinct advantage of using the ion microprobe to produce the zircon-melt 
mixing lines is the ability to use an imaging-based approach to determining zircon 
REE concentrations. The ion microprobe is far less destructive in comparison with 
other in-situ techniques such as laser ablation, producing pits with a typical depth of 
2-3 m in these analyses. As these pits are no deeper than the typical thickness of the 
zircon grains being analysed the only material being analysed is that which was 
visible at the surface of the original sample. Figure 4.15 is a 'before and after' image 
showing the shallow depth of the pits and their size in relation to the experimental 
zircons. 
Fig. 4.15. BSI image ol the stirlace o the glass belore 	 h auak 	h on III I C 1 	 111, NLL5 1R, a 
in the centre of image h shows the pit from the SIMS anal% sis. Ibis highlights the shallow depth of the pit. hich is 
less than the diameter ot' zircon grains in the run, and hence the vaIidit of the modal proportion method lir 
evaluating DRIF zircon melt) alucs. 
The experimental run products were re-imaged using the SEM after they had 
been analysed on the ion microprobe in order to pinpoint the exact location of the 
pits. The high BSE response of zircon compared to the host glass enabled 
straightforward digital image review of each area analysed and from that calculation 
of the modal proportion of zircon in each data point on the regression line. This 
modal proportion data, regressed to 100%, plotted against each REE provides a 
separate method for extrapolating zircon REE concentration in each run that is 
independent of the measured Zr concentration of each analysis spot. 
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Chondrite normalised zircon REE patterns determined using the modal 
abundance method are presented in Table 4.7 and Figure 4.16. As expected from the 
comparison plots (Fig. 4.17) these patterns are essentially identical to those reported 
based on the mixing line method for all experiments at 900'C-1000'C, and only 
marginally higher in MREE at 850°C. 
1000.0 
DR (zrc/melt) Modal Proportion Method 
100.0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
10.0 
1.0 
-fr- D-900 (z20-3) 
-& D-850 (z9-3) 
-ó-- 0-850 (z9-5) 
0.1  
La 	Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 4.16. 1) (zircon/melt) plots for the REF from each experiment in the studs using the modal proportion method 
outlined in section 3.3.2. ['his image based approach pros ides very comparable results to the ir regression method. 




















La 0.40 0.93 0.71 0.69 0.81 0.82 0.73 1.16 
Ce 0.56 1.19 0.86 0.72 0.99 0.93 1.29 1.50 
Pr 0,85 1.23 0.74 0.78 1.00 1.05 1.79 2.04 
Nd 1.21 1.53 1.34 1.07 1.50 1.21 4.05 3.65 
Sm 3.17 3.64 3.41 3.18 3.43 2.09 12.99 11.43 
Eu 3.18 2.62 3.49 1.72 2.24 1.72 8.90 6.62 
Gd 7.54 7.14 6.32 5.48 4.07 18.91 16.08 
Tb 10.67 7.01 8.69 7.71 6.03 6.26 20.64 14.84 
Dy 10.20 8.33 9.47 10.08 6.73 6.76 20.84 17.58 
Ho 14.86 10.42 13.25 10.84 8.45 9.16 20.36 26.98 
Er 16.60 11.70 15.43 13.28 10.93 11.61 21.10 22.39 
Tm 20.49 12.90 16.98 15.56 13.65 16.24 23.96 22.29 
Yb 26.01 21.06 18.64 15.11 13.97 16.54 29.08 24.80 
Lu 24.66 19.22 32.02 21.041 20.81 24.64 29.80 37.64 
Table 4.7. full set of iireon/nielt partition coefficients using the modal proportion method (Section 33.2) for the 
experiments in this studs. Values are those used in Figure 4.14. 
Figure 4.17 shows the zircon REE values produced using the modal 
proportion method plotted against those from the Zr regression method. In general 
there is close approach to a 1:1 correspondence, with some minor deviation. The 
modal proportion method tends to over-predict the REE concentration. This is mostly 
due to the imaging software that produces the modal abundances, as during the 
processing from a greyscale BSE image to black and white, the software removes a 
small percentage of mid-grey pixels at the edge of the zircon and calculates them as 
melt. 
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Fig. 4.17. Comparison of the Zr regression and modal proportion methods lr calculating I)RFE (ircon•meIt) N alues 
br an experiment at each (A 'Ole run temperatures. Values are ' ers close to a 1:1 ratio for the maiorit ui the REF. 
4.2.3.4. Experimental Zircon - Melt Distribution Coefficients (DREE) 
The zircon and melt REE data described above have been combined to 
produce zircon/melt DREE  data applicable to the studied NKFMASH system at 
850°C-i 000°Cand 5 kbar. These DREE data are presented in the REE plots of figures 
4.13 and 4.14, based on zircon compositions determined using the Zr mixing line and 
modal analysis approaches respectively. 
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The DREE data defined using the Zr mixing line method show a consistent 
pattern within the temperature range 900-1000°C, with a positive slope in the 
M/HREE (DGd = 3.7-6.7, Dyb=  11-30). D values for the 850°C experiments show the 
same pattern but the D values are higher through the middle to heavy REE (DGd = 
12-17, Dyb = —46). The slope from the middle to heavy REE is consistent, with 
DLU/DGd values of 3-6. The higher DREE  for the MREE in the 850°C dataset 
compared to the higher-T data is unlikely to be a simple temperature effect as there is 
no temperature-dependent variation in DREE  for any REE in the 900°C-I 000°C data. 
DREE (zircon/melt) values for each run calculated using modal proportion of 
zircon, rather than measured Zr are shown in Figure 4.14. These DREE zircon/melt 
data are listed in Table 4.7. As expected from the earlier discussion, these values 
match the mixing line dataset and provide independent confirmation of its general 
applicability (Figure 4.17). 
DREE (zircon/melt) values for each run calculated using modal proportion of 
zircon, rather than measured Zr are shown in Figure 4.14. These DREE  zircon/melt 
data are listed in Table 4.7. As expected from the earlier discussion, these values 
match the mixing line dataset and provide independent confirmation of its general 
applicability (Figure 4.17). 
A further processing test can be applied in order to test the validity of the 
experiments in which only zircon and melt are produced. Mass balance dictates that 
the REE compositions of the run product melt and zircon in their respective modal 
proportions must correspond to the REE composition of the starting material. Hence 
it is possible to estimate using a simple fractional crystallisation equation the 
percentage of zircon that crystallised in order to produce the new melt composition. 
Each REE should predict the same value of zircon produced in the run if the zircon 
REE extrapolations are correct. 
Application of this method to the experimental data shows that the middle to heavy 
REE (Gd-Lu) yield very consistent results in all experiments for only a —2% 
61 
variation in the estimated volume of crystallised zircon. Sm and Nd are also 
comparable in several runs. More usefully, as each experiment will have crystallised 
a single quantity of zircon, this predicted value (±2%) can then be applied to all the 
REE to produce DREE zircon/melt values that are internally consistent with the HREE 
data. Figure 4.18 shows the DREE  zircon/melt values predicted using this technique, 
and suggest that the best-fit DREE for the LREE, though still near unity, may be 
slightly greater than those estimated from the mixing line and modal abundance 
approaches. This method may still be affected by the inability to detect the small 
changes in the LREE from the crystallising zircon, but confirms that the M/HREE 
data is robust. 
1000 
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Fig. 4.18. A further cheek on the partitioning data set is provided by estimating the amount of zircon crvstallised based 
on the starting REF composition and the tin-al melt REI- composition using a simple tractional crvstallisation equation 
(Section .4). a single consistent proportion otcnstallised zircon can then be applied to each of the REF to provide 
partition coefficients for these elements. I his datasci is very consistent with the previous methods outlined in section 3. 
In summary, the distribution of REE between zircon and granitic melt as 
determined in this experimental study at 5 kbar and over the temperature range 
850°C-1000°C ranges from DREE  of 0.8-2.0 for the LREE La-Nd, to D m of 2-6 and 
increasing from 4 to 30 across the HREE from Gd to Lu. DE,  which is subject to 
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higher uncertainties than the other REE because of the lower abundance of Eu in the 
experiments, is in the range 2-5 and consistent with its neighbouring REE. 
4.2.4. Discussion 
4.2.4.1 Approach to Equilibrium 
The validity of experimental approaches to determining mineral/melt 
distribution coefficients relies on the zircon grains being in trace element equilibrium 
with the melt in which they form. The combination of approaches used in this study 
makes it possible to examine the data objectively from several points of view, and 
remove some uncertainty associated with experimental techniques. The consistency 
of the data for the 900'C-1000'C runs, despite whether they are processed using 
chemical Zr mixing line or physical modal abundance criteria, shows that the 
methodology is reliable but does not in itself demonstrate equilibrium. 
One source of disequilibrium lies in the very slow intracrystalline diffusion of 
cations in zircon (Cherniak and Watson, 2003). For example, Luo and Ayers (2009) 
reported obvious sector and asymmetric zoning using CL imaging in run product 
zircons of up to 50km diameter, producing a level of ambiguity with respect to 
equilibrium. In contrast, zircon grains produced in this study have maximum 
thicknesses of 5 j.tm and and the use of the initial heating step to produce many small 
nuclei followed by growth of zircon during at the run temperature should produce 
zircon-melt D-values with a composition relevant to the run temperature. This is 
supported by the data seen later in this thesis (Section 6) in which a zircon grown in 
an OPX-bearing capsule shows very different REE pattern and content, however the 
D values for the REE remain the same. SEM imaging techniques show no visible 
zonation in the product zircons. We have tested this assumption by conducting 
experimental runs of short duration (<100 hrs) and analysing the resulting zircons 
using the same mixing line approach. The zircon compositions produced from these 
short runs have high Sm, Gd, Tb and Dy and record negatively sloping HREE 
patterns from Gd to Lu on chondrite-normalised REE plots (Figure 4.19). These 
distinctive zircon REE compositions in short runs that are free from phases other 
than zircon are likely to reflect disequilibrium as the longer duration runs generally 
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converge on the zircon compositions reported in the previous sections. Moreover, the 
melts in those longer runs have Zr contents consistent with independent Zr saturation 
thermometry as noted above. Run z20-3, which ran for considerably longer than the 
other runs in this study (see Table 4.3) also confirms to the DREE pattern seen for the 
other runs in this study and not the short run, suggesting that the latter is the one that 
deviates from an equilibrium distribution. 
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Fig. 4.19. Example ola short duration run in hich the zircon has not had time to equilibrate %ith the melt. The 
attics seen are distinct from the equilibrium values calculated from the Zr regression method. 
Another potential source of disequilibrium is the presence of other relict or 
late-crystallising phases in the experiments. The only other phase that is present in 
any run is orthopyroxene, but its small size and 'feathery' texture makes it most 
likely to be a quench phase that will not affect the zircon during the run nor the REE 
composition of the melt in most cases. However, both of the 850°C runs contain a 
large number of orthopyroxene quench crystals, making it hard to achieve a crystal-
free glass analysis. This may have affected the measured major element chemistry of 
the melts at this temperature. This makes it difficult to determine whether the 850°C 
results, which are not in line with the majority of the data, are incorrect as a result of 
crystal contamination or accurately reflect the distribution of REE between zircon 
and a melt of different composition. It is unlikely that the 850°C runs did not reach 
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REE equilibrium, as the short run duration, non-equilibrated, zircon-melt data seen in 
Figure 4.19 has higher Dsm  and DGd,  lower DIE  values for the HREE, and DLU/DGd 
<1. 
In summary, the consistency of zircon REE compositions between all the 
long run duration experiments coupled with the systematic Zr contents of the clean 
melts provide support for the majority of the experiments having achieved a close 
approach to equilibrium at their defined run conditions. 
4.2.4.2 Strain Modelling of Zircon-Melt DREE  data 
The measured zircon/melt REE distribution coefficients have been plotted on 
an Onuma Diagram (Onuma et al., 1968), which shows the dependence of DREE 
values on ionic radius of the partitioning cations. The logarithm of the distribution 
coefficients defines a parabolic shape on these diagrams, with the apex of the 
parabola being at the optimal cation size. The distribution coefficients for the HREE 
from Lu to the MREE at Nd, with the exception of Eu, show a strong dependence on 
ionic radius that fits this parabolic shape, with a systematic increase in DREE  value 
towards the smaller ionic radii HREE. This is consistent with the ionic radius of the 
Zr4 site being smaller than the REE 3 cations. 
The data have been evaluated using the mineral-melt partitioning model 
developed by Blundy and Wood (1994) which links the parabolic shape of the 
Onuma diagram to the elastic properties of the site into which the cation is 
substituting. The elastic strain model could be fitted to the data very well for the 
majority of the middle to heavy REE using a non-linear least squares method. The 
optimal site radius defined by fitting the REE from Nd to Lu (and excluding Eu) 
ranges from 0.935 A at 900°C to 0.905 A at 1000°C. The 850°C data, which may be 
too high at Nd, Sm, Gd and Tm, produce a model fit for an ideal radius of 0.970 A. 
However, like the measured DREE values the modelled values show no statistical 
variation with temperature when examined in this way. 
Deviations of DE from this simple one site strain model are systematic, and 
can be explained by the Eu being dominantly present in the divalent state in the 
experimental zircons. However, the trio of LREE - Pr, Ce and La - generally exhibit 
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a significant deviation from the model, similar to that seen in some natural rock 
studies (Hinton and Upton, 1991; Fuj imaki, 1986). 
Figure 4.20 (inset) shows an example of the strain model fit to the data using 
DREE values from run No. z16-2 (950°C) using a least squares regression method. 
The strain model has been used to find average DREE values for each temperature in 
these runs (Figure 4.20). The strain model approach provides estimates for the LREE 
which are almost an order of magnitude lower than those extrapolated from the 
mixing lines used in this study, and closer to some other studies (e.g. Thomas et al. 
2002; Hinton and Upton, 1991). 
100.00 
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Fig. 4.20. Plot showing strain modelled REF partition coefficients 11r each temperature in this study. Values are 
calculated using the mineral-melt partitioning model des eloped by Blund and Wood (1994). Values shos D salues 
tr the 1.REE approximately one order of magnitude losser than those using the Zr regression method (Section 3.3.1). 
Inset shows an example (Capsule zl6-2. 950C) of the experimental data on an ()numa Diagram ssith the strain 
modelled curse litted to Nd. Sm. (id-Lu. 
Run No. z17-1 z17-2 z13-3 z16-2 z15-2 z20-3 z9-3 z9-5 
T(°C) 1000 1000 950 950 900 900 850 850 
Do 34 45 36 36 19 18 45 30 
E(Gpa) 170 190 240 190 180 230 300 260 
R 1 0.89 0.89 0.925 0.9 0.93 0.93 0.97 0.97 
R0 0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.84 
Table 4.8. lattice strain lit parameters (1r each of the runs in this studs. l'he model ssas fitted to Nd. Sm and (id-lu. 
Data for the l.REE was ignored in fitting the model due to potential innacuracies in that data as discussed in Section 3. 
2 4.3 Comparison with Previous Experimental Data 
The zircon-melt DREE  data obtained here can be compared with previous 
experiments carried out for a variety of melt compositions and over a range of 
pressures at high temperatures. This comparison is illustrated in Figure 4.21a in a 
difference plot showing the extent to which previous data sets deviate from the 
900°C-I 000°C data produced in this work. 
The present DREE  data are similar, but more complete in terms of the range of 
REE analysed, to the data of Okano et al (1987) for zircon equilibrated with felsic 
melt. The data are also comparable to some DREE  values from other experiments in 
which the melt composition differs (Dickinson et al, 1980; Rubatto and Hermann, 
2007; Luo and Ayers, 2009). However, the present DREE  data differ significantly 
from those of Watson (1980), who not only reported higher zircon-melt DREE  values 
but also a DREE peak at Ho. All the more recent experimental studies, in common 
with the present work, show a continuous increase in DREE  values through the middle 
to heavy REE. 
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Fig. 4.21. Difference plots comparing this stud) (a\erage of)WC - 1000°(' DREE (tirconrnelt) alues) vith DREE 
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Rubatto and Hermann (2007) identified a strong systematic variation of 
zircon-melt DREE  with temperature (Figure 4.22), whilst Luo and Ayers (2009) have 
noted a small temperature variation within part of their dataset. In this study all the 
DREE data for 900'C-1000'C are within error of each other and show no systematic 
change which can be attributed to the temperature of the run. 
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Fig. 4.22. Comparison of this study with that of Ruhano and llcrmann (2007) which showed a strong. consistent 
dependence of the l)RFF (zircon/melt) values with temperature that is not seen in this study. 
The 850'C runs show the highest DREE  values for the LREE and MREE, 
which is the same trend as seen in the study of Rubatto and Hermann (2007). 
However as already explained, these values may not accurately describe a 
temperature variation, as the zircon REE compositions are similar ot those at higher 
temperatures whereas the melt composition is different from the other runs and clean 
melt analyses were hard to obtain. The much larger variation in DREE  with 
temperature seen in the Rubatto and Hermann (2007) study places their 850°C-
900°C DREE  values for the HREE over an order of magnitude higher than most 
studies show at any temperature, and far higher than obtained in this study. Only the 
values of Watson (1980) have similarly high DREE  values at these temperatures, and 
this study is regarded as being inapplicable due to its lack of charge-balancing ions 
such as P 5+  that are involved in the REE exchange mechanism (Hanchar & van 
Westrenen, 2007). In summary, we do not see any clear temperature dependence to 
the distribution of REE between zircon and leucogranitic to granitic melt on the basis 
of our experiments and the previous 2-10 kbar experiments conducted in systems in 
which melt compositions are held constant. 
I 
4.4.1 Comparison to Natural Zircon Datasets 
There has been much discussion on the use of experimentally determined 
zircon/melt partition coefficients with natural rock samples (e.g. van Westrenen and 
Hanchar, 2007 and references withinin), especially using the D values to determine 
the REE composition of ancient melts (e.g. Kemp et al. 2006; Valley et al. 2005) of 
which the zircon grains may be the only surviving remnants. However there are two 
main issues that make this process difficult. Firstly, the REE partition coefficients for 
measured zircon and groundmass in natural rocks are consistently at least an order of 
magnitude higher for the HREE than anything seen in experimental studies (Figure 
4.21a & 4.21b). Secondly, the DLREE  in natural and experimental datasets cover 
approximately 4 orders of magnitude at La and more than 2 orders of magnitude at 
Pr (van Westrenen and Hanchar, 2007). The LREE problem is further highlighted by 
the strain modelling approach (Blundy and Wood, 1994, see section J  4.2), in 
which the data from some studies (Sano et al, 2002; Thomas et al. 2002) matches the 
strain modelling prediction very well, with very low D values for the LREE (Figure 
4.21b), while other studies (Fujimaki, 1986; Hinton and Upton, 1991) show the D 
values for the LREE to be decoupled from the strain modelling prediction, resulting 
in partition coefficients for the LREE which are higher, closer to unity, and also 
better match those seen in most previous experimental studies (e.g. Dickinson et al. 
1980; Okano et al. 1987) and this study. Only the study by Thomas et al. (2002) has 
D values for the HREE that are close (within half an order of magnitude) to those 
seen in this and other experimental studies (Figure 4.21 b). This 2002 study used melt 
inclusions within zircon rather than using groundmass glass. 
4.24.4.2 Application to Natural Zircon Datasets 
The data from these experiments have been used to determine natural rock 
melt compositions from known zircon compositions. Hanchar and van Westrenen 
(2007) used the Boggy Plain zoned pluton (BPZP) adamellite (Hoskin et al. 2000) as 
an example of the variation in current DREE (zircon/melt) estimates. The zircon in 
this sample is believed to have crystallised from the adamellite liquid in which it is 
found (Hoskin et al. 2000), and is therefore a good example to evaluate other 
empirically and experimentally determined DREE values. Figure 4.23a shows the REE 
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composition of the Boggy Plains adamellite (Hanchar and van Westrenen, 2007) and 
the REE composition of the zircon grains believed to have crystallised in equilibrium 
with it. Also on this plot are the REE of the melt determined using the D values from 
this study at each melt against the BPZP zircon for comparison with the adamellite 
composition. All of the extrapolated melt compositions using the 900'C-1000'C 
DREE data from this study produce melt concentrations approximately 1 order of 
magnitude larger than the adamellite for the HREE. The DLREE  values from this study 
are very close to unity and so the predicted melt composition is close to the measured 
BPZP zircon composition. Figure 4.23b shows approximations of the BPZP melt 
composition from using other DREE  (zircon/melt) datasets. The data from Sano et al. 
(2002) provides the closest estimate to the BPZP adamellite sample (1-lanchar and 
van Westrenen, 2007) although the LREE estimates for the melt are high because 
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Fig. 4.23. (a) Estimates for the composition of the adamellite from the Boggy Plains zoned pluton (HP/P) ti loskin ci al. 
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values from 900°(' - 1000'C. All REF values are normalised to Anders and (irevasse (191(9). 
While the BPZP example provides a host rock to compare calculated melt 
compositions against, other important natural rock examples exist where this is not 









used to determine the REE composition of the magma in which the Jack Hills zircon 
(Wilde et al. 2001) formed. This is the oldest mineral grain on the Earth and the 
magma in which it formed no longer exists. Several of the analyses from this zircon 
were used to estimate melt composition, all sharing an estimated HREE composition 
of -150 to 250 ppm(n) on a normalised REE plot (Figure 4.24). Some of the 
predicted melts show LREE values that are fairly typical of a felsic melt (100 to 300 
ppm(n), blue diamonds), while other analyses from the zircon have predicted melt 
with lower LREE with a strong Ce anomaly (Figure 4.24). 
10000 
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Fig. 4.24. Estimates br the REE composition of the melt in hich the Jack Hills tircon (Wilde ci al. 20011 borflled 
using aeragc DREE (zitton. melu uIuc Irom this stud from 900T- 1000CC .  Values are normalised according to 
Anders and Greasse (1999).  
As with the previous example the LREE compositions predicted by other 
experimental and natural studies would vary strongly, while the 1-IREE compositions 
predicted by this study would be among the highest. 
4.2.5. Conclusions 
The method described in this study produces DREE  zircon/melt data that are 
statistically reliable for the middle to heavy REE in crustal melts at 5 kbar and 
900°C-1000°C (Figure 4.13 and Table 4.5) with DGd -3-7 and DL -20-40. The data 
shows no systematic variation with temperature, and the consistent values coupled 
with small crystal size and homogenous melts suggest that the data represent 
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equilibrium trace element values. The values are comparable to several previously 
published experimental studies but, as with the other studies, lie approximately an 
order of magnitude below the values seen in natural phenocrystlmatrix pairs 
(Hanchar and van Westrenen, 2007). The DREE  data are consistent with the 95 0°C-
1000°C data recently published by Rubatto & Hermann (2007) but do not display the 
strong temperature dependent increase in HREE DREE reported by those authors. As 
discussed earlier the possibility that the variation seen in the DREE (zircon/melt) in 
Rubatto and Hermann (2007) may be caused by the formation of the zircon in melts 
of varying composition complicates this study. This is potentially supported by some 
other datasets (Hinton, unpubl.) from zircons in a peralkaline rhyolite in which DL 
values are —130, placing them above the values from this study although not as high 
as the most extreme values from Rubatto and Hermann (2007). However these 
peralkaline melts are likely to have crystallised at —600°C-800°C, and therefore the 
elevated values are hard to decipher with regard to either temperature or melt 
composition. This is an area for a a further experimental project specifically looking 
at potential variation of DREE  (zircon/melt) with changing melt compositions. 
Assessment of the DREE  data using elastic strain modelling (Blundy and 
Wood, 1994) shows that whereas the HREE, Sm and Nd can be fitted in a systematic 
and self-consistent manner, the LREE show deviations from the model that suggest 
little elastic strain dependence. Although the uncertainties on the LREE in the 
experimental zircons are greater than those on the HREE because of the mixing line 
methodology, it is nevertheless the case that D values for the LREE are near unity 
from La to Pr, and hence the deviations from the simple model are real. The critical 
problem here is whether the strain modelling is predicting values for the LREE that 
are too small to detect using the experimental technique used here, or that the LREE 
show no strain dependence, and the experimentally determined, near unity, values 
are correct. As mentioned in the main text, the experimentally determined DLREE 
values may represent the maximum partitioning of these elements, and the lower 
values determined from the strain model may give a more realistic set of values, 
closer to those seen in natural rock studies. Accurate determination of the LREE is 
only possible if single grains are large enough for analysis using the ion microprobe, 
which was not possible in these experiments. 
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Application of the zircon-melt REE distribution data to suites of natural 
zircons estimates melt compositions that are not typical of felsic melts (e.g. Kemp 
and Hawkesworth, 2005), but have elevated HREE compositions, 100 to 250ppm(n), 
and slightly depleted LREE compositions, 1 to l0ppm(n) for the Boggy plains and 
some Jack Hills examples. The Jack Hills zircon analyses that have higher LREE 
values predict LREE which resemble that of a typical felsic melt, 100 to 400ppm(n). 
Application of the published DREE (zircon/melt) to natural zircon studies 
provides a wide variety of results for predicted melt compositions, particularly for 
the LREE. The closed systems of experimental work are unable to reproduce the 
complexity of natural systems, such as melt mobility and extraction, growth of REE-
rich phases, or the influx of new REE-rich material, which may result in the 
discrepancies seen between natural rock studies and experimental work. This is 
supported by the study by Thomas et al (2002) which used melt inclusions in natural 
zircon grains for its DREE  values and these lie closest to the experimentally 
determined values. 
There is a need for greater understanding of the REE budget and distribution 
within melts, requiring more experimental work into the variation that may occur due 
geological factors such as pressure, water activity and melt chemistry. Systematic 
experimental work investigating each of these factors is required to gain a real 
insight into the formation of zircon in the crust. 
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Chapter Five. Zircon-Garnet-Melt REE Partitioning. 
5.1 Garnet Growth Pilot Study 
5.1.1 Garnet Growth Introduction 
The aim of the second part of the experimental study, growing garnet grains 
for SIMS analysis, was a very different problem to that faced with the zircon 
experiments. The zircon problem was based around getting an accessory phase to 
grow large enough under experimental conditions, and the result had been to achieve 
a large amount of nucleation, and growth had been limited. Garnet, however, is a 
major rock forming mineral at high pressure, with grain sizes typically on a mm to 
cm scale in natural rocks, and growth was not expected to be a problem, but rather 
getting the mineral to nucleate. The final aim was to combine the technique used for 
the zircon-melt experiments, the heat-settling and mass balance analysis approach, 
with a method for producing experimental garnet grains. All garnet experiments, 
beginning with run z22, started with an initial temperature (TI) of 1050°C - 1100°C, 
which was an acceptable starting temperature based on the zircon-melt study and 
other equivalent zircon-garnet studies (e.g. Rubatto and Hermann, 2007), and a 
simple, one —step temperature drop was used to attain the run temperature (T2). Full 
details of the temperature conditions of the runs in the garnet study can be found in 
Table 5.1. 
RUN Ti ( °C) T2 ( °C) Pressure (kbar) 
z22 1100 900 5 
z23 1100 950 5 
z24 1100 1000 5 
z25 1100 900 7 
z26 1050 900 7 
z27 1050 950 7 
z28 1050 950 5 
z29 1050 900 5 
z30 1050 900 7 
z31 1050 950 7 
z32 1050 850 7 
z33 1050 1000 7 
Table 5.1. Tihk sho%ing the run conditions kr the garnet-melt and zircon-garnet-mel( experiments. All of the runs 
inoled a simple. single-stage. temperature drop from ii to T2 taking 2-3 minutes. 
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Gel G3 was used as the starting material for the garnet-melt experiments in 
this study. For the zircon-garnet-melt experiments a mixture of G3 and G4 was used 
with the quantities of each based on the results of the zircon-melt study. The initial 
garnet growth experiments were performed at 5 kbar, as a direct continuation of the 
zircon-melt study. 
5.1.2 Pilot Study Evolution 
As the problem of nucleation was the expected initial hurdle for this part of 
the study, growth sites were encouraged by the use of natural gem-quality seed 
material (g333). A variety of sandwich experiments (runs z22 - z24) using gel G3 
were devised using g333 either in layers or disseminated throughout the melt. These 
experiment were all failures. Not only was there no garnet growth but the g333 seed 
material was unstable in these P-T-x conditions and broke down to form OPX-spinel 
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A further study was made at 7 kbar to determine whether the stability issue 
with the garnet was related to the pressure of the experiment. This run, z25, had more 
success. While capsules with disseminated seed material suffered the same fate as 
before, the capsule with a seed layer in the centre of the capsule did not, possibly 
because initial breakdown of the concentrated garnet locally produced a melt it was 
more stable in. BSE imaging of this sample showed a low BSE response core to 
many garnet grains with brighter rims, often with coherent hexagonal faces being 
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apparent (Figure 5.2). This was interpreted as being cores of seed material with 
growth of new garnet around the rim. Initial SIMS analysis confirmed this, with the 
core regions containing Ca as the seed material did, while rims showed very low Ca 
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z25-2 in which garnet seed o us dtsseiiiiiiuied through the eapsule, I  this rim the giuunet seed broke down to 
!lrni ()PX-spinel assemblages as seen in Fig. 5.1 ith no new garnet lrmed. C) This image shos capsule 
z25-3 which contained a la er of garnet seed material in the centre as a sandwich' layer. in this experiment 
garnet remained stable and iie garnet may have been formed. dl Close-up 	of garnet in capsule z25-3. 
In the upper right grain a clear core and rim is seen. possibly showing the seed material with darker. ne 
garnet growth around the edge. The grain in the centre has the same BSE response as this ne material and 
shows euhedral crstal Iices. highlighted in the image. suggesting ness garnet groth. 
However further analyses showed a large amount of variation, with SIMS results not 
showing any consistency in Ca or REE contents making interpretation of the results 
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Fig. S.A. Chondrite normalised plot sho% ing complications ith garnet-melt run z25-3 from SIMS data. The garnet 
REF data (squares) from this run was erratic. co\enng approximately an order olmagnitude. Only garnet 7 (67). 
seen in Fig. 5.2d. shied consistent compositions (red squares. As a furl her complication. hik the melt REF 
contents (%ellim circles) Iiir the majorit of the capsule matched that seen in other comparable experiments (z25-1. 
blue circles), spots analysed alongside the z25-3 garnets shoed strong REF depletion (orange circles) showing that 
the melt had strong REF zoning, making the assessment of garnet-melt equilibrium dillicult. All data is normalised 
to Anders and (ire asse ( 1989). 
High resolution BSE imaging confirmed this showing that what previously appeared 
to be two areas within the garnets was actually a much more complicated zoning 
pattern, with reaction areas between the original and new material. Similar problems 
have been known to occur in other garnet growth studies, with much more consistent 
results seen in runs with spontaneous garnet nucleation without seed material (J. 
Hermann, personal communication). At this point the use of the garnet seed approach 
was abandoned. 
The next step was to look at the reasons for the garnet breakdown that was 
seen previously. The formation of an OPX-spinel assemblage was suggestive of 
relatively oxidising conditions, where garnet would not be a stable phase. Therefore 
the starting material was strongly reduced before the next experiments. Two batches 
of starting material (G3 and G3:G4, 60:40) was reduced to one log unit above iron-
wustite (IW+1) at 900°C in a H2-0O2 latm gas-mixing furnace. This results in a 
suitably low starting 102 in the runs that relates to conditions in the crust, whilst 
avoiding the possibility of producing iron metal. For firing, I gram of the starting 
79 
although z27 produced no garnet large enough to analyse. 
- 	 , 	 .. 	
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material was placed in a 12.5 mm diameter steel pellet press under a pressure of 1 
ton for 5 minutes. This consistently produced physically stable pellets of —5 mm 
thickness that were able to withstand the 12-15 hour firing process. This starting 
material was then crushed to fine powder, and was the material used for the 
remainder of the experiments. 
The following runs, z26 and z27, were a success producing spontaneous 
garnet growth at 7 Bar in both zircon free and zircon bearing runs (Figure 5.4), 
Fig. 5.4. BSE images sho ing ne garnet grains from spontaneous nucleation in run ,_26. Garnets hlloxk a 
slightl darker core due to 1% ariation in Fe-Mg content. a Garnet from capsule L20-1 in a zircon free run. 
OPX quench crstals appear in the groundmass and rim of the garnet, hI Garnet from capsule z26-4. in hich 
zircon was also lormed. OPX quench crystals appear in the groundmass. hile zircon grains are seen as 
inclusions in the garnet as flell as in the groundmass. 
Due to the fact that only one pressure vessel was capable of reaching 7 kbar further 
runs (z28 and z29) were performed at 5 kbar using the reduced starting material, 
However these produced no discernable garnet and therefore 5 kbar is assumed to be 
below garnet stability at these P-T-x conditions. The final set of runs were performed 
at 7 kbar and 850°C -1000°C. The highest temperature runs produced the largest and 
most numerous garnets (Figure 5.5), probably due to favourable kinetics within the 
melts, while the capsules at 850°C produced no discernable garnet. 
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C) and dl Images oiarnets from capsule i33-2. Both grains contain zircon inclusions but hae clear space br 
SIMS anal> ses olgarnet REF. Both images sho OPX grains in the rim of the garnet that must also be a% oided 
in the anal ses. 
During these successful runs a variety of H20 contents (3 - 9 wt%) were used 
as in the zircon-melt study; however, only runs with the lowest H 20 (3 - 4 wt%) 
produced garnet. At the highest water contents large OPX crystals formed throughout 
the capsules, which will be considered further in Chapter 6. 
The final outcome to the garnet study was a success, with garnet large enough 
to analyse produced in five runs using a combination of strongly reducing conditions 
and increasing the pressure of the runs to 7 kbar. The results of this study can be seen 
Chapter 5.2. 
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5.2 Experimental Determination of the Partitioning of REE 
Between Zircon, Garnet and Granitic Melt at Crustal Pressures 
The following section is structured with the intention for publication. As such the 
prefix 5.2 has simply been added to the existing section headings. The numbering of 
figures and tables is consistent with the thesis logic. In future chapters this section is 
referred to as Taylor et a! (2009b). 
RN 
Experimental Determination of the Partitioning of REE 
Between Zircon, Garnet and Granitic Melt at Crustal 
Pressures 
R.J.M. Taylor, S.L. Harley, R.W. Hinton & S. Elphick 
'School of GeoSciences, University of Edinburgh, Edinburgh EH9 3JW, UK 
5.2 Abstract 
High-pressure experiments were used to grow zircon and garnet 
simultaneously in granitic melts at 7 kbar and 900°C -1000°C using internally heated 
gas apparatus. A mass balance approach was used to determine the REE composition 
of the zircon due to small grain size. Trace element concentrations of these minerals 
from SIMS analysis were used to produce zircon-melt, garnet-melt, and zircon-
garnet REE partition coefficients, which can be used in the interpretation of mineral 
and mineral-melt equilibrium and disequilibrium in high-grade metamorphic terranes 
and anatectic granitoids. 
While the D values for the LREE are imprecise and variable due to low 
concentrations in the garnet in particular, the middle to heavy REE produce 
consistent data with values approaching unity or slightly favouring garnet. DREE 
obtained for the MREE-HREE from Gd to Lu are in the range 0.4-1.5 for all 
temperatures examined, with the DREE  pattern being flatter at 1000°C. 
The data set as a whole shows that there is no significant fractionation of 
HREE into zircon coexisting with Fe-Mg garnet at 900°C-1000 0C with DHREE 
approximately 1. Although a tendency for high-T (1000°C) DHREE  values to show 
lower (<1) and flatter (DGd/D yb 1) patterns is suggested by some of the data, there is 
little variation of the DREE (zircon/garnet) values with temperature within the errors 
of the technique. Application of the data to examples of high grade metamorphic 
gneisses allows discrimination of cases in which zircon has formed in equilibrium 
with peak metamorphic garnet from disequilibrium cases in which zircon growth has 
either preceded or post-dated garnet and hence does not date peak metamorphism. 
* 
2 1. Introduction 
Zircon and garnet are key minerals containing isotopic and chemical 
information bearing on the history and evolution of the Earth. Analysis of zircon is 
not only the most widely used method of dating ancient rocks using U-Pb 
geochronology (e.g. Williams, 1992; Black and Jagodzinski, 2003), but is also a key 
sensor of crustal development and continental evolution through studies of, for 
example, its Hf and 0 isotopic composition (e.g. Kemp et al, 2006; Wilde et al, 
2001; Nemchin et al, 2006) and trace element (Ti, Sc, REE) signatures and contents. 
The isotopic information (Lu-Hf, 0, Sm-Nd, He) that can be obtained from zircon 
has recently enhanced its application to important issues on the oldest rocks and 
origins of continents (Kemp et al, 2006; Valley et al, 2005), origins and sources of 
magmas (e.g. Valley, 2003), and timing of metamorphic events in the deep crust (e.g. 
Harley and Kelly, 2007). 
One of the most challenging uses of zircon is to define the ages of events in 
high-grade metamorphic terranes, most of which have experienced complex and 
polyphase P-I histories (Harley et al., 2007; Harley and Kelly, 2007). Relating 
zircon growth and modification zones to specific metamorphic events (e.g. Vavra et 
al, 1996; Rubatto, 2002; Rubatto and Hermann, 2003 Harley et al., 2007; Kelly and 
Harley, 2005) can in principle be accomplished by identifying and using reliable 
chemical signatures, for example the Ti content and REE patterns of zircon, that can 
be tied to temperature and equilibration with coexisting minerals and which are 
independent of the U-Pb system. Because zircon grains in igneous and metamorphic 
rocks can often show multiple rims and zones the approach of using independent 
chemical signatures developed in equilibrium with coexisting rock-forming minerals 
is essential to defining the discrete events through which the zircon has survived. 
Garnet is recognised as one of the most significant and P-T sensitve 
metamorphic minerals, occurring as a major phase in many mineral assemblages, 
showing variety in both its major and trace element compositions with P. 1 and rock 
composition, and preserving chemical zoning that can be employed to interpret P-I 
histories and time scales. Garnet is widely used in thermobarometers applicable to 
high-grade metamorphic terrains, and also is commonly formed as a peritectic phase 
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during partial melting in crustal anatexis (Vielzeuf & Holloway, 1988; Carrington & 
Harley, 1995), a regime in which zircon may crystallise or be modified (e.g. Moller 
et al., 2003b; Buick et al., 2005; Harley et al., 2007). As a modally abundant and 
important sink for trace elements such as Y and the HREE (Bea et al., 1994; 
Hermann, 2002; Rubatto and Hermann, 2003), garnet also acts as a key competitor 
with zircon for these trace elements in high-grade metamorphism and anatexis. 
As both zircon and garnet incorporate relatively large amounts of the middle 
to heavy REE, the distribution of these elements between the two minerals has been 
used as evidence for simultaneous growth in natural systems, allowing the geological 
information they provide to be combined (e.g. Harley et al., 2001; Rubatto, 2002; 
Hermann and Rubatto, 2003; Whitehouse and Platt, 2003; Hokada and Harley, 2004; 
Kelly and Harley, 2005; Buick et al., 2006). However there is a discrepancy between 
studies as to what the equilibrium distribution of the REE (DE) between zircon and 
garnet is, with two alternatives being proposed (Figure 5.6): 
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The distribution of MREE-HREE describes a flat pattern with values 
remaining at unity, or slightly favouring garnet throughout the middle and 
heavy REE (Harley et al., 2001; Whitehouse and Plait, 2003; Hokada and 
Harley, 2004; Kelly and Harley, 2005). 
The distribution of MREE-HREE describes a steep pattern, with 
approximately an order of magnitude increase in D values towards the HREE, 
which strongly favour zircon (Rubatto, 2002; Hermann and Rubatto, 2003 
and Buick et al., 2006). 
There has been one experimental study that has attempted to resolve this issue. These 
20 kbar experiments (Rubatto and Hermann, 2007) produced a range of zircon-garnet 
REE distribution data that span nearly an order of magnitude for the HREE. On the 
basis of this, Rubatto and Hermann (2007) inferred that a flat distribution of HREE 
(DHREE near unity) pattern similar to (a) is the equilibrium distribution at high-T 
(1000°C) while at lower temperatures (800°C - 850°C) steep HREE distribution 
patterns like (b) reflect equilibrium, with mid ranging temperatures falling between 
the two (Figure 5.7). However, as these 20 kbar experiments relied on extrapolation 
of zircon REE contents from zircon-melt mixes with generally low proportions of 
zircon, and as the melt and garnet compositions were seen to vary in Ca and other 
components, it is unclear whether the results can be applied to the majority of cases 
of high-temperature metamorphism and crustal anatexis, which occur at 800°C-
1000°C and generally < 10 kbar (e.g. Harley, 1989; Brown, 2007). 
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Fig. 5.7. IxpirimentaI aIucs of I)RlI- (zircon garnet) at 2)) Kbar from Ruhatto and Ilerrnann (2007). 
	
lhi studs produccsa range ofaIucs. ith 1)RlI (/ireongamcl) sli 	ing a hroadh consistent increase %ith 
decreasing temperature. 
This study reports the results of experiments carried out to fill this gap 
between the natural rock studies and laboratory-based determinations of zircon-
garnet DREE.  Experiments in internally heated gas pressure vessels, using synthetic 
starting materials based on realistic geological compositions have been conducted to 
produce DREE  (zircon/garnet) values from accurately obtained mineral REE 
concentrations. The P-T conditions of these experiments, 900°C - 1000°C and 7 
kbar, make them highly relevant to the interpretation of zircon-garnet mineral and 
zircon-garnet-melt relationships during mid to deep crustal metamorphism and 
partial melting. 
2. Experimental and Analytical Techniques 
I- 	Bulk composition and Experimental Conditions 
The experiments have been designed to simulate zircon-melt, garnet-melt and 
zircon-garnet-melt trace element relationships established during melting of fertile 
pelite protoliths in the middle to deep crust during high grade metamorphism and 
anatexis. Hence, the experiments have been run at 900°C, 950°C and 1000°C and 7 
kbar in internally heated gas apparatus and the melt composition has been chosen to 
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be appropriate to these melting conditions. The experimental results of Carrington & 
Harley (1995), who determined biotite-bearing phase equilibria and related melt 
compositions in the KFMASH system, were used to determine an appropriate 
starting composition for this study. A model peraluminous granitic NKFMASH melt 
composition reflecting that formed from the melting of moderate Fe-Mg pelitic rocks 
during anatexis at 850-1000C and 5-7 kbar (Harley & Carrington 2001), has been 
used here as the basis for the starting gel compositions. The major element 
composition of the starting material for each experiment is reported in Table 5.2. The 
H20 contents added to the runs have been calculated to result in the production of 
H20-undersaturated melts comparable in wt% H20 to those produced through crustal 
anatexis (3-5 wt% H20). 
Gel 3 (G3) Grar'ite + Garnet  6e1 4 (G4) Granite + Garnet + Zircon  
Wt% oxide Total Element ppm REE in melt ppm (n) Wt% oxide Total Element ppm REE In melt ppm (n) 
SiO 	65 5 Si 	 305802.6 SiO 	60.0 Si 	 279437,8 
AlO, 16. 2 Al 85631.8 AlO, 140 Al 73821.4 
FeO 	 6 7 Fe 	 52009.4 FeO 	6.2 Fe 	 48010.1 
MgO 3 1 Mg 18668.0 MgO 2.9 Mg 17420.8 
Na 2 0 	3.4 Na 	 25190.8 Na 20 	2.8 Na 	 20694.5 
KO 5 1 K 42278.4 K20 4.2 K 34732.2 
ZrO 2 	0.0 Zr 	 199.7 ZrO 	 9.9 Zr 	 73213.1 
P 	 649.1 P 	 641.5 
V 89.9 Y 149.4 
Hf 	 3.0 Hf 	 2393.9 
Li 144.8 Ii 119.5 
La 	 41.4 La 	 176.25 La 	 41.3 La 	 175.82 
Ce 91.9 Ce 152.31 Ce 91.6 Ce 151.93 
Pr 	 9.3 Pr 	 104.08 Pr 	 9 3 Pr 	 103.83 
Nd 34.4 Nd 75.99 Nd 34.3 Nd 75.80 
Sm 	 8.6 Sm 	 58.74 Sm 	 86 Sm 	 58.59 
Eu 0.6 Eu 11.08 Eu 0.6 Eu 11.06 
Gd 	 16.0 Gd 	 81.15 Gd 	 19 2 Gd 	 97.85 
Tb 2.8 Tb 76.45 Tb 3 6 Tb 98.22 
Dy 	 17.9 Dy 	 7162 Dy 	 23.8 Dy 	 98.07 
Ho 3.7 Ho 66.32 Ho 5.3 Ho 94.65 
Er 	 11.3 Er 	 70.81 Er 	 16.3 Er 	 102.80 
Tm 1.7 Tm 6998 Tm 26 Tm 108.09 
Yb 	 11.2 Yb 	 6867 Yb 	 18.2 Yb 	 111.91 
Lu 1.6 Lu 66.68 Lu 2.5 Lu 100.95 
Table 5.2. Major and trace element compositions br the starting materials (gels (is and 64) used in the garnet-melt and 
,ireuii-earnet-melt experiments in this study. 
5-'l - 2.2 Starting Material 
All experiments used gel, mixed gels, or gel plus minor amounts of finely 
crushed garnet as starting materials. Gel starting materials were produced using the 
'Co-precipitation gel method' (Hamilton and Henderson, 1968; Biggar and O'Hara 
1969) using reagent grade materials for major and trace elements. Gels have several 
advantages over other starting materials such as sintered oxides or rock powders, 
with small grain size (-10 times smaller than sintered oxides) and can be made to 
customised compositions involving many major and trace components. Gels also 
have the advantage of creating a homogenous starting material (Hamilton and 
Henderson, 1968). 
The gel compositions have been selected following the same logic as those in 
Taylor et al. (2009a) but with their Fe and Mg contents increased to encourage the 
growth of garnet. Two gels were produced in the NKFMASH system, adjusted to 
contain a suite of suitable trace elements for the experiments (Table 5.2) at different 
Zr contents. One gel (G3) was prepared to be equivalent to NKFMASH granitic melt 
plus 15% Fe-Mg garnet ('garnet + melt' gel) doped with Hf, Y, P and REE and 200 
ppm Zr, approximately the saturation in these melts according to the Zr saturation 
thermometer of Watson & Harrison (1983). The other gel (G4) was prepared with a 
high Zr content (-10 wt% Zr0 2) and appropriately high amounts of REE and P 
equivalent to the 'G3' granitic melt plus Ca. 15% nominal zircon ('garnet + zircon + 
melt' gel). By mixing these two gels it was possible to vary the amount of zircon 
produced in an individual run while keeping the main major element chemistry the 
same. This also enables the production of sufficient quantities of zircon for 
regression analysis, whilst minimising the likelihood of zircon inclusions in the 
garnet grains produced and subsequently analysed. 
The use of garnet seed material as focus points for growth of new garnet was 
attempted in some pilot experiments, although this produced unpredictable results as 
'new' and seed garnet reacted and formed a variety of compositions. Therefore 
multiple runs without seed material were set up at each temperature, with successful 
runs being those in which new garnet nucleated spontaneously. 
5.22.3 Experimental Setup 
Three sets of runs, each containing 3-6 capsules, were carried out using the 
internally heated gas pressure vessels at The NERC Recognised Experimental 
Geoscience Facility, University of Edinburgh. Experiments were performed at 7 kbar 
and 900°C-1000°C and typically ran for —220-270 hours. Internally heated gas 
pressure vessel procedures follow those described by Carrington & Harley (1995), 
leading to precisions in temperature of± 10°C and in pressure of ±0.1 kbar. 
Runs used 20mg of starting material, including 3-4 wt% H20 loaded into 
Ag50Pd 50 metal capsules with 2mm external diameters. This alloy was preferred as it 
has the benefit of being able to endure high-temperature runs for long periods of time 
without absorbing significant Fe contained within the starting material. Gel starting 
materials were reduced to one log unit above iron-wustite (IW+1) at 900°C in a H2- 
CO2 1 atm gas-mixing furnace. Tantalum chips were placed in the sample chamber to 
help maintain a reducing atmosphere during the runs (Carrington & Harley, 1995; 
Carrington, 1993, PhD thesis), whilst being careful not to interfere with either the 
thermocouples or the capsules. Full details on the run conditions for these 



















































Predicted Starting Composition 
Weight 0/  oxide 
SiO 61.3 61.2 61.4 61.2 61.3 61.3 63.5 
A1 2 03 14.8 14.8 14.9 14,8 14.8 14.8 15.7 
FeO 6.3 6.3 6.3 6.3 6.3 6.3 6.5 
MgO 2.9 2.9 2.9 2.9 2.9 2.9 3.0 
Na 20 3.1 3.1 3.1 3.1 3.1 3.1 3.3 
K 20 4.6 4.6 4.6 4.6 4.6 4.6 4.9 
Zr0 2 3.8 3.8 3.8 3.8 3.8 3.8 0.0 
REE ppm (n) 
La 170.78 170.28 170.94 170.45 170.78 170.78 170.94 
Ce 147.58 147.15 147.72 147.29 147.58 147.58 147.72 
Pr 100,85 100.56 100.95 100.65 100.85 100.85 100.95 
Nd 73.63 73.41 73.70 73.49 73.63 73.63 73.70 
Sm 56.91 56.74 56.97 56.80 56.91 56.91 56.97 
Eu 10.74 10.71 10.75 10.72 10.74 10.74 10.75 
Gd 85.20 84.94 85.28 85.03 85.20 85.20 78.71 
Tb 82.62 82.36 82.69 82.45 82.62 82.62 74.15 
Dy 80.92 80.66 80.98 80.75 80.92 80.92 71.40 
Ho 75.34 75.10 75.40 75.19 75.34 75.34 64.32 
Er 81.12 80.85 81.18 80.95 81.12 81.12 68.67 
Tm 82.70 82.43 82.76 82.53 82.70 82.70 67.87 
Yb 83.42 83.14 83.49 83.25 83.42 83.42 66.60 
Lu 1 	78.00 77.75 78.06 77.84 78.00 78.00 64.67 
Table 5.3. Table sIioing the run conditions for each of the experiments in the garnel-nieli and iircon-garnct-melt 
experiments. Also sho%n is the estimated starting composition of the capsule based on the quantity of each gel (63 
and 64) used as the starting material. 
The runs involved a two-stage heating-settling process, starting at a 
temperature above the stability of garnet in this system, to promote nucleation and 
growth at the run temperature. All runs were heated to 1050°C for at least 2 hours at 
all 
the start of the experiment, then brought down to the run temperature over a period 
of <10 minutes. Following this pre-equilibration stage the experiments were held at 
the required run temperature for the remaining duration of the experiment (typically 
200-280 hours). This initial temperature overstep / cooling approach was adopted in 
order to a) ensure that all Zr is initially dissolved in melt (in the case of the low-Zr 
gel) and promote dissolution of any early-nucleated zircon, and b) encourage zircon 
crystallisation through oversaturation (Watson and Harrison, 1983) as temperature is 
decreased to the final run temperature. This approach was highly successful in 
ensuring nucleation of abundant acicular zircon, but could not generate zircon coarse 
enough to analyse as individual grains by SIMS. 
5 22.4 Analytical Techniques 
Secondary Ion Mass Spectrometry (SIMS) trace and REE analysis of 
run products (zircon, glass and zircon-glass mixtures) was carried out at the NERC 
Ion Microprobe Facility, University of Edinburgh, using the EMMAC Cameca ims-
4f ion microprobe. Analytical and correction procedures follow those outlined by 
Hinton and Upton (1991). Analyses used a 14.5 KeV primary beam of 0 at —5 nA 
primary current focussed to a 20-25 pm spot, garnets were analysed with a 3nA 
primary current to reduce spot size to —8-12 [tm. Secondary ions were measured at 
120V offset (zircon and glass) and 75V offset (garnet), with 10 analysis cycles made 
through the masses of interest. Elements analysed were 7Li, 30Si, 31 P, 42Ca, 47  Ti, 89Y, 
90Zr, 93Nb, 138Ba, REE and 177Hf, each full SIMS analysis taking 25 minutes in total. 
Ion yields were calculated using the NIST SRM-610 glass standard and 
concentrations were referenced against Si, as determined by electron microprobe. 
Corrections were made for ZrSiO overlap on 1 38Ba, 139La, MOCe+  and 141  using 
count rates measured at mass 134. Analytical reproducibility during and between 
analytical periods was tested using analyses of the 91500 and SL13 zircon standards, 
and DDI and KP 1 standards for garnet. 
Experimental glasses were analysed for their major elements using the Cameca SX- 
100 5 spectrometer electron microprobe at EMMAC, Grant Institute of Earth 
Science, University of Edinburgh. Operating conditions were 15 kV and 5 nA 
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absorbed sample current, with spot counting for Na and K followed by 30 second 
counting times on the other elemental peaks (Si, Al, Fe, Mg). Garnets were analysed 
with a 10 nA beam current. Analyses were reduced using Cameca PAP software 
(Pouchou and Pichoir, 1984). Ten glass (melt) analyses were made in each sample. 
Totals were consistent with the amount of trace elements and H20 added into the run 
(Table 5.4). 
5 3. Results 
5, 2.3.1 Run Products 
The experimental technique closely followed that from Taylor et al (2009a) 
and the run products reflect this, with the majority of the capsule (-80%) containing 
quenched granitic melt, while 7-15% of the volume was composed of small, acicular 
zircon crystals up to I 5im in length. In this study up to 12% of the volume of the 
capsule was composed of newly formed garnet (XMg = 0.24-0.28) with grain sizes up 
to 60tm (see Figure 5.8). A minor amount (<3  vol%) of aluminous orthopyroxene 
(XMg = 0.35-0.5; A1203 = 11-13%) was formed in the glass as the experiments are 
quenched, though areas containing orthopyroxene could be avoided when obtaining 
glass analyses. Prior to analyses all run products were imaged on the SEM using the 
Back Scattered Electron (BSE) detector, which allowed clear determination of all the 
phases in the samples. There was a variation in the total garnet content with 
temperature in the runs, with the higher temperature runs (1000°C) forming a larger 
number of garnets grains that were also the largest in size. This was considered to 
reflect more favourable growth kinetics in very viscous, granitic melts at higher 
temperatures. 
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 multiple large garnets gro\ ing in zircon-bearing capsule z33-4. OPX quench cr stals also appear in the 
groundmass. c) and d) Iniages of garnets li-urn capsule z33-2. Both grains contain Lircon inclusions but have 
clear space lir SINIS anal) ses of garnet RI-T -.. Both images sho OPX grains in the rim 01 the garnet that must 
also he aoided in the analyses. 
52.3.2 Melt (Glass) Compositions 
Melt compositions in all experiments approximate those of granitic minimum 
melts in near-haplogranitic systems (NKFMASH), and lie near the model melt 
composition of Carrington & Harley (1995) with XMg = 0.15-0.3. For all of the runs 
in this study clean, crystal free, glass analyses were obtained for the REE, Zr, Y, Hf, 
P and Li contents referenced against Si. These elements were also analysed by 
electron microprobe for their major element compositions so that the correct Si 
content could be used for SIMS analyses and therefore REE and Zr measurements 
could be correctly converted to ppm. The glass was analysed using the electron 
microprobe to determine major element compositions (Table 5.4) along with Zr and 
Y. The analyses showed that there was no significant or consistent zoning in the 
glass surrounding the garnet in these runs. A close approach to major element 
equilibrium is, therefore, suggested, supported by the measured GrilL Fe-Mg KD's  of 
0.6-0.88, consistent with the results of Ellis (1986) and Carrington & Harley (1995) 
(<1 for temperatures greater than 900°C). 
On a chondrite normalised plot of the REE the melts are similar to a typical 
granitic composition with LREE values between 90-200 ppm, the middle to heavy 
REE have been depleted due to the growth of zircon and garnet and have values of 
35-55ppm at Gd and 10-20 ppm(n) at Lu. The REE contents from these analyses 
were used to determine the mineral/melt trace element partitioning values used in 
this study, and are reported in Table 5.5 and Figure 5.9. 
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—0-- 900 melt (z26-4) 
-•-- 950 melt (z31- 1) 
--- 950 melt (z31-2) 
---950 melt (z31-3) 
-•-- 1000 melt (z33-2) 
-•-- 1000 melt (z33-4) 
1 
La 	Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 5.9. REF composition of experimental glasses for all the runs in this studs from 900 °C-1000'C detemtined h 
SIMS. Values are normalised to Anders and (irevasse (1989). 
5.2.3.3.1 Partitioning Values - Zircon/Liquid 
The method described in Taylor et al. (2009a) was used to determine partition 
coefficients for the REE between zircon and melt. For this study, maximum Zr 
contents for the regression lines were between 75,000 and 130,000 (approx. 15-25% 
zircon). This method provides extrapolated REE values for zircon with good 
accuracy and which are statistically robust, especially for the middle to heavy REE 
important to this study. A chondrite normalised plot for the zircon REE compositions 
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—0-- 900 zrc (z26-4) 
950 zrc (z31-1) 
-•-- 950 zrc (z31-2) 
-•---- 950 zrc (z31-3) 
—+-- 1000 zrc (z33-2) 
-•---- 1000 zrc (z33-4) 
La 	Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 15.10. Normalised REE plot of the zircon compositions k,rthe runs in the zircon-iarnet studs. Zircon compositions 
calculated using the Zr regression method (1iilor ci at.. 2009a. All Nalues are normalised to Anders and 
Greasse (1989). 
Values for the zircon REE concentrations and DREE  (zircon/melt) are 
summarised in Table 5.5, and DREE  (zircon/melt) are presented Figure 5.11. The 
calculated DREE (zircon/melt) for this study are very similar to those in Taylor et al 
(2009a) (Fig. 4.13). The distribution coefficients (DREE values) are at unity for the 
LREE (DLREE) and then increase towards the HREE (DHREE), with DGd  -5-15, and 
DL ---30-70. These DREE values are comparable to those obtained in previous 
experimental studies (e.g. Luo and Ayers, 2009; Dickinson, 1980; Rubatto and 
Hermann, 2007) and are very similar to the natural rock study of zircon and related 
melt inclusions by Thomas et al., (2002). In detail the DR.EE  values obtained in the 
current set of experiments are slightly higher, by up to a factor of 2, than those in 






La 	Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 5.11. Calculated DREE (zircon'melt) br each run in this stud>. using zircon compositions calculated using the 
regression method and glass analyses from SIMS. see Table 5.5. 
Run No. z33-2 	1000°C z33-4 	1000°C 231-1 	950°C z31-2 	950°C t31-3 	950 °C 26-4 	900°C 26-1 	900°C 
* * ± ± ± ± ± 
Melt 
SlO g 11.96 1.6 70.80 1.0 72.11 70.70 1.7 10.12 0.4 68.55 2.4 11.70 0.4 
Al S O, 14.56 0.4 14.20 0.9 14.04 13.66 0.2 14.15 0.8 13.81 0.4 14.59 0.3 
FeO 3.11 0.6 4.10 0.6 2.15 3.29 1.4 3.77 1.5 5.04 1.7 1.69 0.2 
MgO 0.78 0.7 160 0.1 0.58 1.56 1.1 1.73 1.5 3.04 1.5 0.42 0.1 
NaO 2.75 1.0 3.30 0.1 3.88 3.68 0.2 3.66 0.3 3.21 0.3 4.10 0 
KO 3.41 0,4 3.40 0.1 3.71 3.52 0.2 3.46 0.2 3.37 0.3 4.16 0 
Total 95.57 9740 96.47 95,41 96.89 97.02 96.66 
Garnet 
SIO 39.54 0.9 39.47 0.3 39.40 0.1 40.34 40.16 1.3 37.86 39.55 0.7 
Al,O, 22.59 0.5 22.45 0.2 22.29 0.1 21.70 22.77 0.4 21.59 22.14 0.3 
FeO 25.98 0.3 75.96 0.3 26.18 0.2 26.46 25.42 0.6 26.44 27.26 0.3 
MgO 12.16 0.S 11.38 0.3 11.44 0.1 11.23 11.00 0.8 13.23 10.27 0.3 
Na,0 0.01 0.0 0.01 0.0 0.01 0 0.04 0.18 0.2 0.03 0.09 0.1 
0.02 0.0 0 0.0 0.02 0 0.08 0.14 0.2 0.02 0.05 0.1 
Total 100.3 99 27 99.34 99.85 99.67 99.17 99.36 
Table 5.4. Table shoing the major element compositions of the melt and garnet phases in this stud>. Errors shon are I 
sigma errors based on multiple electron probe anal> ses. Where insufficient numbers of anal> ses thr error calculation are 
a% ailable no error is shon. 
z33-2 1000C z33-4 1OOOC z31-1 950C z31-2 950C z31-3 950CC z26-4 900C 
REE ppm zircon melt Dm(z/L) zircon melt 	D(z/L) zircon melt D(z/L) zircon melt 	0 11 (z/L) zircon melt D(z/L) zircon melt D,(zf 1) 
V 5353 21.8 19.3 624.9 22.8 21.4 667.1 16.6 40.1 709.7 17.1 41.4 381.2 11.5 21.8 716.1 18.5 38.6 
Hf 17740.7 15.8 1089.4 16964.1 15.2 1116.9 19014.6 8.3 2299.8 17769.9 6.7 2652.8 17529.6 8.7 2006.5 19759.2 13.0 1521.3 
p 
2084.3 1130.7 1.8 (No P data for this run) 2045.6 1104.3 1.9 2231.8 1234.5 1.8 1180.7 1105.5 1,1 1788.8 1008.0 1.8 
La 27.79 39.1 0.7 32.84 38.1 0.9 34.57 39.9 0.9 43.54 38.9 1.1 33.31 40.2 0.8 52.61 45.0 1.2 
Ce 78.63 84.7 0.9 94.69 84.3 1.1 97.28 89.0 1.1 116.42 87.9 1.3 93.16 92.0 1.0 129.79 99.1 1.3 
Pr 6.84 7.6 0.9 10.45 7.5 1.4 9.94 8.4 1.2 12.45 7.8 1.6 9.36 33.5 11 12.94 8.5 1.5 
Nd 42.53 31.2 1.4 46,93 31.2 1.5 54.42 35.3 1.5 75.85 31.1 2.4 55.35 34.9 1.6 78.85 36.6 2.2 
Sm 27.78 6.6 4.2 21.44 6.3 3.4 28.24 6.4 4.4 35.02 6.8 5.2 35.11 6.4 5.5 35.03 6.4 5.4 
Eu 1.93 0.6 3.1 1.96 0.6 3.5 1.96 0.6 3.4 2,22 0.6 3.8 0.64 0.7 1.0 1.71 0.7 2.5 
Gd 59.69 10.9 5.5 60.02 10.5 5.7 78.02 9.1 8.6 94.86 811 11.7 95.50 8.7 10.9 103.89 7.4 14.0 
Tb 12.72 1.6 7.8 16.09 1.5 10.7 17.64 0.9 19.0 20.84 1.2 17.2 19.22 1.1 17.0 22.59 1.1 20.0 
Dy 82.03 8.0 10.2 91.99 7.5 12.3 114.50 5.1 22.5 113.28 6.0 18.9 125.83 5.2 24.1 125.66 4.6 27.5 
Ho 23.84 1.4 168 26.15 1.2 22.0 28.79 1.1 26.1 28.44 1.0 29.0 40.70 0.8 48.6 31.42 0.9 33.2 
Er 75.37 4.0 19.1 89.85 3.4 26.1 97.12 2.4 40.7 96.07 2.1 45.3 97.23 2.2 44.4 98.19 3.5 28.4 
Tm 14.99 0.5 32.6 16.04 0.4 418 18.28 0.3 52.3 16.96 0.3 51.8 17.15 0.3 55.9 16.13 0.4 41.9 
Yb 99.77 2.9 34.7 115.33 2.3 50.1 114.54 2.0 57.0 113.55 2.3 50.1 122.57 1.7 11,7 115.18 2 2 53.4 
L.0 1 	14.75 0.4 33.5 15.92 0.4 43.1 14.70 03 47.5 14.57 0 3 50.6 16.94 0.2 68.9 14.80 0.2 59.4 
Table 5.5. 'lahle detailing the RI.F and trace element contents ot the melt (see I:i giire  5.9) and the tircon as calculated h the Zr regression method ('I'aylor et A. 2009a). 
I hcsc values have been used to calculate zircon/melt (ill.) partition coefficients for the RI T. (or each run in the /.ircon-garnet study. 
52 3.3.2 Partitioning Values - Garnet/Liquid 
Garnet and melt major element compositions are presented in Table 5.3. The 
XMg values for each phase are close to those expected from the initial bulk 
composition, and define Kd (Fe-Mg) values that conform to previous equilibrium 
experiments in KFMASH and related systems (Ellis, 1986 and Carrington & Harley, 
1995) (see Section 3.2). All garnet REE analyses were on grains large enough for 
single spots using SIMS analysis on the Cameca IMS-4f at the EMMAC facility. A 
test study of garnet/melt partitioning was performed in a zircon-absent run (z26-1), 
to enable the determination of DREE  (garnet/melt) in a simple, single-mineral 
experiment. Multiple garnet and glass analyses were performed on run z26-1 (900°C, 
7 kbar). DREE (garnet/melt) values show the LREE partition into the melt, while the 
middle to heavy REE partition strongly into the garnet, with DGd  —10 and DHREE 
—100. 
Care had to be taken in the garnet analyses for the zircon-bearing runs, as 
zircon inclusions were present in many garnet grains either at or just beneath the 
surface. Careful selection of target areas from BSE images combined with attention 
to Zr content in the analysis was used to discriminate zircon-contaminated analyses. 
The very shallow depth of analysis pits from the ion microprobe decreases the 
likelihood of intersecting zircon inclusions beneath the surface. The garnets 
produced in this study were in the size range 20-60.tm, often containing micron-
sized zircon and occasionally melt inclusions. Despite these difficulties four runs, 
ranging from 900°C-1000°C, produced clean garnet analyses, free from 
contamination by zircon grains or glass. DREE  (garnet/melt) values for the zircon-
bearing runs (DGd —5-20, DHJE  —50-80) closely match those from the zircon-free run 
despite very different total REE concentrations, showing that the presence of an extra 
phase has not prevented the garnet grains from achieving REE equilibrium with the 
melt. Whilst D(garnet/melt) values for the HREE are very similar across the 
temperature range studied, D(garnet/melt) values for the MREE show a tendency to 
decrease with increasing temperature, consistent with the trends reported by Nichols 
and Harris (1980). Predictive models for garnet-melt REE partitioning (Draper and 
van Westrenen, 2007; van Westrenen and Draper, 2007) also show that lower 
temperatures should result in higher maximum D values for the middle and heavy 
REE. The REE compositions and D values for the garnet-melt study are shown in 
Table 5.6 and Figure 5.12. These are discussed further below along with results of 
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Fig. 5.12. I) values for garnetmelt 11w all the runs in this experimental study ( laMe 5). Capsule 726-1 is in a zircon-free 
capsule. \%hilc al other runs are zircon-bcaring. 

















La 4.29 0 03 127 0.01 11.99 0,05 3.20 0.02 3.09 0.08 
Ce 4.12 0.03 2.51 0.02 12.12 0.09 5.69 0.04 6.60 0.11 
Pr 5.53 0.07 6.22 0.08 13.00 0.17 15.69 0.19 13.09 0.17 
Nd 11.87 0.19 18.79 0.31 27.67 0.46 40.69 0.57 37.65 0.47 
Sm 61.93 1.57 9019 2.38 141.02 3.48 227.04 5.89 208.84 3.43 
Eu 14.85 1.51 20.32 2.28 35.84 3.94 63.41 5.88 43.67 2.81 
Gd 243.08 4.96 289.05 6.12 455.50 12.52 689.57 20.83 1000.25 10.43 
Tb 563.53 14.19 619.83 17.00 813.53 27.68 1124.63 41.17 2224.24 23.84 
Dy 728.31 24.95 700.58 25.76 840.19 38.73 1068.19 64.53 3033.83 39.96 
Ho 1022.61 45.39 832.82 44.13 876.66 56.41 1098.38 73.32 4268.35 60.95 
Er 1150.79 52.42 927.44 48.54 810.10 69.08 923.47 48.30 5089.80 79.45 
Tm 1367.31 81.55 1056.20 79.23 806.53 67.81 97193 69.52 6277.69 94.98 
Yb 1315.08 84.41 1002.71 80.31 747.82 61.02 912.43 78.21 6494.77 97.44 
Lu 1 	993,74 62.14 781.36 58,29 546.83 52.54 731.03 81.05 5387.65 100.77 
Table 5.6. REF concentrations Ilir experimental gamets in this studs. all alues are aeraged From at least tv.o garnet 
analyses freee from zircon and melt inclusions. (iarnet-melt REF partition coefficients are also calculated. Capsule /26-1. 
in sshich there as no zircon grosn has similar partition coefficients despite an order of magnitude ditlrence in total 
RILE contents. 
5 ?. 3.3.3 Partitioning values - Zircon/Garnet 
The garnet REE concentrations from ion microprobe analysis, combined with 
zircon REE concentrations produced from regression analysis in the same run can be 
used to determine DREE  (zirconlgarnet) values at 900'C-1000'C and 7 kbar. This was 
done for all four capsules that produced clean garnet data (900°C, z26-4; 950°C, z3 1-
2; 1000°C, z33-2 & z33-4). Two further capsules at 950°C (z31-1 & z31-3) produced 
zircon data. However the garnet analyses were contaminated by small melt 
inclusions, which were identified by an increased LREE content (if this had 
coincided with increased Zr it would suggest a zircon inclusion). The DUE 
(zircon/melt) data for these two capsules was combined with the DREE  (garnet/melt) 
for run z31-2 to produce 2 additional DREE  (zircon/garnet) datasets for 950°C. This 
was deemed a valid approach as all three capsules were from the same run, using the 
same starting material. 
Data for the DR.EE (zircon/garnet) is listed in Table 5.7 and Figure 
5.14. Errors on calculated DREE  (zircon/garnet) are based on the 95% confidence 
limits for the regressed zircon composition and the analytical error on the glass and 
garnet compositions from ion microprobe analysis, leading to typical errors in DFEREE 
of ±0.2 and DLREE  errors of ±1-5. An example of the errors calculated for the DR.EE 
(zircon/garnet) is presented in Figure 5.15. 
All DREE  (zircon/garnet) results show the same general pattern, broadly a 
'concave up' shape with the LREE favouring zircon, the MREE favouring garnet and 
the HREE at approximately 1. The LREE always partition into the zircon, but show a 
large variation, approximately an order of magnitude, mainly as a result of the low 
total concentrations of these elements in zircon and especially garnet. Although D 
values for Eu are also variable, due to the low concentrations present in the 
experiments, the average DEu is -1. The REE change from favouring zircon, in the 
LREE and Sm, to partitioning into garnet in Gd and beyond through the HREE 
(Table 5.7). For the majority of runs the strongest partitioning into garnet occurs at 
Dy with DDy  (zircon/garnet) ranging from 0.46 to 0.71. For the HREE partition 
coefficients return to values around unity, DLu varies from —0.8 - 1.5. One run at 
1000°C (z33-2) retained D values favouring garnet (-0.4 — 0.6), throughout the 
middle to heavy REE. This suggests a tendency at these high temperatures for a 
100 
flatter DREE (zircon/garnet) distribution pattern for these elements, though this 













La 2762 110.42 11,99 15.47 11.47 70.05 
Ce 31.65 62.59 1314 15.93 12.17 37.82 
Pr 13.88 18.87 7.96 1035 7.45 9.25 
Nd 7.92 5.52 3.83 6.06 3.95 4.28 
Sm 3.05 1.62 1.45 1.69 1-80 1.05 
Eu 2.33 1.72 0.97 1.11 0,28 0,48 
Gd 1.25 1.06 0.78 1.06 0.99 0.77 
Tb 0.62 0.71 0.78 0.71 0.70 0.55 
Dy 0.46 0.54 0.66 0.56 0.71 0.48 
No 0.42 0.56 0.52 0.58 0.98 0.51 
Er 0.41 061 0.67 0.75 0.73 0.67 
Tm 0.45 0 63 0 88 0.87 0.94 0.69 
Yb 0.47 0 	.1 106 0.93 134 0.78 
Lu 1 	0.61 1 	084 1 	1 03 1.10 1.49 0.83 
Table 5.7. Calculated zircongarnet partition coellicients tir all te runs in this study. Capsules z3 I-I and ,3 I-1 are 
calculated from the zireon'melt tr these capsules. compared to the garnet melt tar 73 1-2. 
The results summarised above indicate that the D (zircon/garnet) values for 
the middle to heavy REE are approximately 1. The experimental design employed 
allows for this result to be tested by analysis of zircon inclusions in garnet. If there is 
an order of magnitude variation in the D values for these elements, increasing 
towards the HREE (e.g. Rubatto, 2002; Hermann and Rubatto, 2003 and Buick et al., 
2006) then garnet analyses with large numbers of zircon inclusions would show 
significant increases in the HREE compared to inclusion free analyses. This effect 
would be expected to be greatest for Yb according to the DI-IREE  relationship 
proposed by Rubatto (2002). The capsules that had large numbers of garnet grains 
were analysed with the deliberate aim of sampling inclusion-bearing garnets for 
comparison with the 'clean' analyses. Garnet analyses from capsule z33-2 (1000°C) 
had Zr contents ranging from '-1000ppm (inclusion free) to over 20,000ppm (many 
inclusions) covering over an order of magnitude variation in the amount of zircon in 
the analysis. The HREE contents of the garnets vary by approximately 10% (<10% 
for the MREE), but show no correlation with the Zr content, supporting the 
conclusion that the distribution of the HREE between zircon and garnet is very close 
to 1:1 (Fig 5.13) 
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DREE (zircon/garnet) 
—A--. 1000°C (zrc/grt) z33-4 
—A-- 1000°C (zrc/grt) z33-2 
—A— 950°C (zrc/grt) z31-3 
—A-- 950°C (zrc/grt) z31-2 
—A-- 950°C (zrc/grt) z31-1 
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Fig. 5.14. Calculated DREE (zircon/garnet) for each run in this stud>. Runs z31-1 and z31-3 use garnet/melt from 
i1-2 to calculate DREE (/ircon/garnet) alues due to lack of anal> sable garnet in those samples. 
100.0 










La 	Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 5.15. Example of total anal>  tical error for DREF (zircon'garnet) values in this stud>. Errors are based on the 95°/i 
confidence limits of the mixing lines used in mass balance calculations on the zircon compositions. combined ith 
SIMS anal> tical error on glass and garnet analscs. I.REE alues hate laier errors due to the Io concentrations in 





52 4.1 Strain Modelling of Experimental DREE (zircon/garnet) 
The measured D values for zircon/melt and garnet/melt have been plotted on 
Onuma diagrams (Onuma et al., 1968) to show the dependence of DREE  values with 
the ionic radius of the partitioning cation. For the zircon/melt data D values for the 
middle to heavy REE show a strong correlation with cation size as in Taylor et al., 
2009a. DREE  (garnet/melt) values show a very good correlation with ionic radius, 
with peak D values occurring in the middle to heavy REE. (Figure 5.16) 
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Fig. 5.16. Unuma diagrams shoing the garnet-melt (circles) and zircon-melt (triangles) partition coefficients lr t'.o 
of the capsules in this study lhcsc diagrams shtn% that the peak I) values for garnet-melt partitioning are in the middle 
to hea RI-1- Oonic radii of0L985- 1.005 A). 
The experimental data were evaluated using the mineral-melt partitioning 
model developed by Blundy and Wood (1994) which links the parabolic shape of the 
Onuma diagram to the elastic properties of the site into which the cations are 
substituting. The key variables in this model are the idealised 'strain free' site radius 
(ro3 ) and the apparent site Young's Modulus (E 3 ), for which fitted D0 values are 
defined from the height of the Onuma parabola at radius rO 3t These key parameters 
are fitted to the experimental results using a non-linear least squares method and are 
summarised in Table 5.8. 
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z26-4 t31-2 z33-2 z33-4 
T (°C) 900 950 1000 1000 
R0 3 (A) 1.00 0.99 0.97 0.97 
D 0 85 70 85 81 
E 3* (GPa) 860 980 900.
. 
800 
Table 5.8. Tabk .hoing the best-lit strain modelling parameters (from E3lund) and Wood. 1994) lir 
the garnet-melt REE partitioning data in this studs. Parameters used are ideal site radius (R0 ). peak partitioning 
value (D0) and elastic response of the site (E). 
The strain modelled DREE  (zircon/melt) values are very similar to those in 
Taylor et al (2009a) but with slightly higher peak partitioning values (D 0). The strain 
modelled DREE  (garnet/melt) values have a very good fit to the data, aided by the 
ideal cation size (r o3 = 0.985-1.005) being within the REE, and yield values for E 3 
and D0 that lie close to the range obtained for garnets by van Westrenen et al. (1999, 
2000). The values however do not fall within the range of Ca-poor garnets for that 
study, but there may be other differences that have affected this, such as the effect of 
water, which is included in the runs in this data, and may have shifted the values in 
this dataset slightly from previous work DREE  (zircon/garnet) values have been 
produced using from the strain modelling equation by combining DREE  (zircon/melt) 
and DREE (garnet/melt) modelled data. Values for z31-1 and z31-3 are calculated 
from the zircon-melt values from these runs combined with the garnet melt values 
from z3 1-2. The derived values are higher than the DLREE  (zircon/garnet) in the 
measured dataset, while the middle to heavy REE lie near unity or slightly favour 
garnet. The 1000°C modelled data is lower through the HREE showing a flatter 
DITIIEE (zircon/garnet) pattern favouring garnet as seen in the experimental data, 
largely as a result of the slightly smaller D0 modelled for garnet-melt. The strain 
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Fig. 5.17. Partitioning plot shoing the distribution of the RI.L beteen zircon and garnet as determined h the strain 
modelling approach from the mineral-melt partitioning model (BlundN and Wood. 1994). Values are determined h 
combining zircon-melt and garnet-melt partitioning values lhr each run. Values for i31 -1 and z3 1-3 are calculated 











z26-4 	900°C  
(zrc/grt) 
La 36431 133.15 100.76 130.28 97.23 55.30 
CO 79.74 35.95 25.23 34.46 26.73 16.16 
Pr 21.46 11.70 7.89 11.17 9.04 5.75 
Nd 7.05 4.56 3.06 4.40 3.73 2.47 
Sm 1.57 1.31 0.94 1.34 1.24 0.87 
Eu 0.97 0.89 0.68 0.95 0.91 0.65 
Gd 0.67 0.67 0.54 0.74 0.74 0.53 
Tb 0.50 0.54 048 0.63 0,67 0.48 
Dy 0.42 0.48 0.48 0.59 0.66 0.47 
Ho 0.38 0.46 0.51 0.60 0.70 0.50 
Er 0.37 0.47 0.58 0.66 0.79 0.56 
Tm 0.39 0.50 0.69 0.74 0.93 0.66 
Yb 0.42 0.55 0.85 0.86 1.12 0.78 
Lu 1 	0.46 1 	0.62 1 	1.05 1 	1.02 1 	1.36 1 	0.95 
Table 5.9. Values for the partitioning of the Rl.I bet%een zircon and garnet in this study as determined by strain 
modelling using the mineral-melt partitioning model (Blundv and Wood. 1994). Values are those used in l:igure  5.16. 
5.. 4.2 Potential Sources of Error 
The REE contents of the zircon in this study were determined using the same 
method as in Taylor et al (2009a). However, as described earlier the DREE 
(zircon/melt) values in this study are approximately a factor of two higher than those 
seen in Taylor et al (2009a). There are a variety of possible reasons for this 
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difference. The variation in DREE  (zircon/melt) values between the studies may 
reflect a slight dependence on pressure or melt composition. The experiments in the 
previous study were performed at 5 kbar and the Si0 2 composition of the melt was 
65 - 68 wt%, whereas this study was carried out at 7 kbar and the growth of garnet 
has modified the melt to a more granitic composition with Si02 concentrations of 68 
- 73 wt %. It is also possible that continued growth of garnet to the end of the run and 
subsequent to the nucleation and equilibration of most of the zircon has depleted the 
final measured melt in the middle to heavy REE. The previously formed zircon may 
not in this situation have been able to equilibrate with this final melt, leading to 
higher apparent DREE (mineral/melt) values. The measured DHREE  (garnet/melt) 
would also be higher than true equilibrium values, if only the final garnet rims grew 
with the depleted melt REE compositions. This would not affect the DREE 
(zircon/garnet) if only narrow rims on the garnet grew late in the runs, as the edges 
of the garnet grains were not analysed. Simple modelling of this problem shows that 
the late growth of a 3im rim on a 60pm diameter garnet (assuming melt:garnet mass 
ratio of-7:1) would create a relative REE depletion of the melt by 50%, creating an 
apparent DREE(zircon/melt) increase of a factor of two. While this remains a possible 
source of the DREE(zirconlmelt) variation seen in this study from Taylor et al (2009a) 
the melt compositions of the two studies remain the same, while the zircon 
compositions have changed, making this source of error unlikely. 
The attainment of garnet-melt equilibrium can be evaluated by considering 
the extent of any zoning within the crystals that, if present, would complicate 
understanding of which garnet composition is in equilibrium with its host melt. 
Rubatto and Hermann (2007), for example, reported core to rim major element 
zoning of up to 20% in their experimental garnets. Analyses of garnets in this study 
revealed zoning in some grains, but this was minor, with total Fe-Mg variation of 
--1% (absolute values). The 1000°C garnets in this study, which were the largest and 
most numerous, provided an opportunity to measure consistency within grains and 
also between garnets throughout a capsule, and again showed a total major element 
variation of <1% across an entire run. The possibility of zoning in the REE was 
determined by analysing yttrium (a proxy for the HREE) using the electron 
microprobe. Variation of Y within a grain was less than 10% and showed no 
1111.1 
particular pattern from core to rim. These results, combined with a lack of zoning in 
the glass analyses, are evidence that the garnets grown in this study closely approach 
chemical, including REE, equilibrium with the melt. 
There is potential for zircon inclusions to occur in the garnet and result in 
incorrect DREE  (zircon/garnet) values, especially as micro-inclusions may be present 
that cannot be seen on BSE images and, therefore, avoided. The 1000°C experiments 
(z33-2, z33-4) contained enough material to obtain statistically consistent Zr contents 
for the garnet on the electron probe. The resulting Zr content, approximately 
750ppm, was lower than the lowest Zr content recorded from SIMS analysis 
(-1300ppm). This suggests that at least some zircon, equivalent to 0.1 wt% of the 
analysed spot, was included in even the best SIMS analysis. As a 'worst case 
scenario' test the data were modelled with all the Zr in the SIMS analyses assumed 
to be due to zircon inclusions. The REE content representing this proportion of 
zircon (0.25-1.7 wt%) was removed from the garnet data to produce a zircon-free, 
'pure' garnet. The DREE  (zircon/garnet) values were recalculated for this new, 
modelled garnet composition for comparison with the original data. One experiment 
(z31-2, 950°C) produced 'model' DREE  (zircon/garnet) values that were -1% 
different from the measured data, while in the other 3 experiments the differences 
were less than 1%. These results demonstrate that potential zircon inclusions in the 
'clean' garnet analyses only influence the DREE (zircon/garnet) data within their 
uncertainties and so can be ignored. 
5.24.3 Comparison with Previous Experimental Data 
The experimental study by Rubatto and Hermann (2007) is the only previous 
work in which zircon and garnet have been grown together and with which this study 
can be compared. In detail the bulk compositions and pressure conditions 
investigated in our study are significantly different from those of Rubatto and 
Hermann (2007), who considered Ca-bearing systems at significantly higher 
pressures (20 kbar), relevant mainly to eclogite facies metamorphism. 
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DREE  (zircon/garnet) Experimental Studies Comparison 
—0— 800°C R&H 07 
—f— 850°C R&H 07 
—+— 900°C R&H 07 
—4-950°C R&H 07 
—+— 1000°C R&)-1 07 
-a- 900°C This Study 
10 	—A— 950°C This Study 
—A— 1000°C This Study 
o 
• 
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Fig. 15.18. Rll Partitioning plot comparing this studs to the experimental studs of Ruhatto and I krmann (2007). The 
pre\ious sttid sIiosed a range of salues. partieularl tIr the IlRI]. hich tas attributed to  dependence on the 
temperature (t the run. This study shossed no consistent ariation ith temperature for the I) alucs. 
Figure 5.18 shows a plot of the calculated DREE  (zircon/garnet) data from 
both studies. Like this study Rubatto and Hermann (2007) determined DEu  values 
averaging -1, recorded the lowest DREE  (zircon/garnet) values in each run in the 
MREE, and described an increase in Dppi (zircon/garnet) towards the HREE. 
However it is only the highest temperature run (1000°C) from Rubatto and Hermann 
(2007) which has DREE  (zircon/garnet) values similar to those seen in this study. 
Most significantly, the Rubatto and Hermann (2007) dataset shows a consistent 
variation with temperature, with the middle to heavy REE increasingly and strongly 
distributed into zircon as temperature decreases from 1000°C to 800°C. This result 
mainly reflects temperature-dependent variation in the DREE (zircon/melt) seen in the 
Rubatto and Hermann (2007) study, which covers more than an order of magnitude 
for the HREE, and is not evident in the present study, nor in the zircon-melt 
experiments of Taylor et al (2009a) and Luo and Ayers (2009). A further 
complication in comparing the present work with the Rubatto and Hermann (2007) 
study lies in the observation of a consistent variation in the major element chemistry 
of the garnet, particularly Ca content with temperature in the results of the latter 
study, as well as major element zoning. This zoning raises questions as to the 
approach to equilibrium in those experiments, in particular whether the REE in the 
garnets are also zoned and if so what HREE contents should be matched with their 
extrapolated zircon HREE. 
Given this ambiguity and the previously noted differences in the pressure 
conditions and Ca contents between our experiments and those of Rubatto and 
Hermann (2007), we consider that the near-equal distribution of the HREE between 
zircon and garnet, as recorded in the present study, is applicable to low-Ca systems at 
mid- to deep-crustal pressures (5-10 kbar) and at melting and melt crystallisation 
temperatures between 1000°C and 850°C. The experimental data do not exclude the 
possibility that DH (zirconJgarnet) may increase and be differentially fractionated 
into zircon forming with garnet during melt crystallisation at lower temperatures 
(700°C-8000C). Further experiments in this temperature range are required to 
evaluate this possibility, in both Ca-absent and Ca-bearing chemical systems. 
.4.4 Comparison with Empirical DREE  and Application to Natural 
Rock Case Studies 
As described in the introduction, the variety of studies performed over the 
last ten years to obtain equilibrium DREE  (zircon/garnet) values from carefully 
selected natural rock samples can be divided into two alternatives. Figure 5.19 shows 
a comparison of the results from this study with the two main empirical estimates for 
DREE (zirconlgamet) described in the introduction. 
DREE  (zircon/garnet) Natural Rock Comparison 
—O—GL7 Rubatto 02 
--6- GP7 Rubatto 02 




Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 5.19. Comparison of the a% erage alues lkr each temperature from this stud sith the natural rock studies seen in 
Fig. 5.6. Ihis studs closely matches the alues from group (a) (see introduction) across the "hole range of temperatures. 
and shos no atlinit 	ith group (h) through the middle to hca 	Rl.l- 
The experimental study by Rubatto and Hermann (2007) produced a wide 
range of DREE  (zircon/garnet) values that are able to fit into both of these groups 
based on temperature. However this present study shows no DREE  (zircon/garnet) 
values which fall into group (b) and consistently supports the patterns seen in group 
(a) regardless of the temperature. The 1000°C run that shows a lower and flat DHREE 
(zircon/garnet) pattern through the HREE supports the data reported by Harley et al. 
(2001) and Hokada and Harley (2004) for UHT leucosomes from the Napier 
Complex of east Antarctica (Figures 5.6, 5.19 and 5.20). The experimental results are 
also consistent with the DHREE (zircon/garnet) values preferred by Whitehouse and 
Platt (2003) for migmatitic metapelites from the Betic Cordillera (Figures 1 and 13). 
The DHREE (zircon/garnet) values reported by Whitehouse and Platt (2003) were 
determined from very strongly REE growth-zoned garnets by combining garnet rim 
compositions with more homogeneous zircon overgrowth compositions, and so 
involve an assumption that the zircon formed after most of the garnet in the studied 
rock. Although this is supported by textural observations, it did introduce a degree of 
uncertainty as to the reliability of the deduced DHREE  (zircon/garnet) values. The new 
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experimental data obtained here confirm the arguments of Whitehouse and Platt 
(2003) regarding the timing of zircon growth in relation to zoned garnet in their 
granulites. 
A number of natural rock studies have now been reported that apply the 
previous empirical DHREE  (zircon/garnet) values as criteria for interpretation of 
zircon age data in relation to metamorphic P-T histories (Buick et al., 2006; Kelly & 
Harley, 2005; Tomkins et al., 2005; Harley and Kelly, 2007; Baldwin and Brown, 
2008) In several of these examples the interpretation of the zircon-garnet REE 
information is complicated by the presence of REE zoning in garnet (Whitehouse 
and Plan, 2003; Baldwin et al., 2008) or by textural complexity in the zircons (Buick 
et al., 2005; Baldwin et al., 2008). 
Tomkins et al. (2005), in their study of metapelites from Rogaland, inferred 
from reaction textures in which zircon was preserved in cordierite coronas on garnet 
that the zircon grew during garnet breakdown on decompression. Zircon-garnet REE 
patterns were interpreted to support this model, rather than a model of equilibrium 
growth of zircon with garnet, and hence imply that these 955 Ma zircons formed at 
5.6 kbar and 710°C on the retrograde P-T path, rather than at higher pressures near 
the peak of regional metamorphism, which was constrained to have occurred at 1035 
Ma. Comparison of the averaged zircon-garnet data of Tomkins et al. (2005) with 
our experimental DHREE  (zircon/garnet) values suggests that although the zircons 
closely approach REE equilibrium with the garnets, they may be slightly depleted in 
HREE. This HREE depletion is similar in character to that described by Harley et al. 
(2001) and Kelly & Harley (2005) for zircons in Napier Complex metapelites and 
attributed to the retarded release of I-fREE from reactant garnet. Hence, the 
experimental DHREE (zircon/garnet) values support the conclusion of Tomkins et al. 
(2005) that their corona zircons formed or were extensively modified during the 
breakdown of garnet (Figure 5.20). 
Baldwin and Brown (2008) have applied DHREE  (zircon/garnet) criteria in 
concert with Ti in zircon thermometry to constrain the age and duration of UHT 
metamorphism in the Anápolis-Itaucu Complex of Brazil to the period 649-634 Ma. 
Flat DHREE (zircon/garnet) patterns closely comparable to the experimental results 
obtained here for 900°C were determined for two spinet-quartz granulites that 
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contain little-zoned garnets and metamorphic zircon rims on detrital cores. This 
supports the conclusion of Baldwin and Brown (2008) that these zircons grew in 
equilibrium with garnet. Two other samples contain strongly zoned garnets, and 
texturally complex or variably modified zircons, that produce a wide range in 
mineral REE contents and consequently in the derived apparent DHREE 
(zircon/garnet) values. Application of our experimental results to the garnet-
orthopyroxene-sillimanite quartzite (sample 03-06-48, Baldwin and Brown 2008) 
supports the interpretation that 'type 1' zircon in this rock grew simultaneously with 
garnet cores, whereas high-HREE 'type 2' zircon is out of REE equilibrium even 
with the highest-HREE garnet rims (Figure 5.20) and appears to have continued to be 
chemically modified after garnet ceased to be. In the case of the garnet-
orthopyroxene-sillimanite granulite 03-06-42 (Baldwin and Brown, 2008) the 
metamorphic zircon is on average too high in all HREE (by a factor of -3) to have 
grown in equilibrium with garnet cores(Figure 5.20). The range of HREE 
compositions in the strongly zoned garnet allows the possibility that the zircon 
started to grow along with higher-HREE garnet exterior to the lower-HREE core 
volumes, a model that in principle could be tested by determining rimward changes 
in the Zr contents of the zoned garnets (Harley and Kelly, 2007). Unfortunately, the 
requisite garnet Zr data is not reported in Baldwin and Brown (2008). Resorbed 
garnet rims are too high in 1-IREE to be in equilibrium with these zircons, but do 
approach REE equilibrium with the texturally complex zircons associated with 
ilmenite and rutile in this sample, and inferred by Baldwin and Brown (2008) to have 
formed later in the metamorphic history. The observation that DUREE  (zircon/garnet) 
for 'ilmenite associated' zircon and garnet rim compositions are higher than 
equilibrium values suggests either that resorption and REE modification of garnet 
did not keep pace with zircon modification through dissolution-reprecipitation 
(Giesler et al., 2007), or that the zircon modification was primarily controlled by 
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Fig. 5.20. Plots showing the zircon-garnet REE partitioning values from this study in comparison ith the values from 
the examples discussed in detail in the text. a) Whitehouse and Platt. 2003. zrc.'grt rim D alties closeIN match the new  
experimental values. hI lornkins et al. 2005. aloes are similar to this study but most likely represent Nlo%N release of  
REE hile zircon grosts in the garnet corona. c) Baldwin and Brown. 2008. Type I zrcigrt shos D values close to the 
values in this siud. hile other samples most hkel represent disequilibrium values. 
Buick et at. (2006) presented zircon-garnet REE data from Ca. 800°C garnet-
cord ierite-orthoamph ibole gneisses in the Limpopo Belt. Garnets showed resorption 
and partial replacement by biotite and cordierite + quartz intergrowths, and zircons 
usually preserved 2.69 Ga oscillatory zoned cores overgrown by weakly luminescent 
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overgrowths dated at 2.02 Ga. The overgrowth zircons were depleted in HREE 
compared with the cores, having moderately sloping to flat normalised HREE 
patterns that span half an order of magnitude. The garnets showed strong rimwards 
REE zoning from negatively sloping HREE and very low Er, Tm and Lu (Lu(n) = 
10) to flatter and higher HREE at —100 times chondrite with a maximum at Ho. The 
resulting DHREE (zircon/garnet) are always significantly higher than those that 
represent equilibrium according to our experiments, even when the most HREE-
enriched garnet rim is used in the calculation (DEU = 2 to DLu  = 10). We interpret this 
discrepancy to reflect the modification of the zircon during and potentially 
subsequent to the reaction of garnet, the outermost resorbed rims of which we predict 
would have even higher HREE concentrations than those measured (e.g. Harley and 
Kelly, 2007). In contrast to Buick et al. (2006) we conclude that the 2.02 Ga zircons 
did not grow in equilibrium or synchronously with the 'mid- to outer-rim regions' of 
peak metamorphic garnet. The new experimental data instead suggest that this zircon 
was modified only after garnet had formed and was undergoing later reaction, either 
on a decompressional P-T path related to a single metamorphic episode at 2.03-2.02 
Ga or in a 2.02 Ga event that is unrelated to the metamorphism that produced the 
zoned garnet itself. The conclusion by Buick et al. (2006) that the rocks were 
affected by a single episode of high-grade metamorphism (at 2.03 Ga) is not 
warranted on the basis of the zircon-garnet REE data. 
5.25. Conclusions 
The dataset in this study compliments that from Taylor et al (2009a) by 
combining zircon-melt REE partitioning data with garnet-melt and zircon-garnet 
partition coefficients. The zircon-garnet-melt experiments described here provide a 
solid foundation for the interpretation of high-grade metamorphic rocks and P-T-t 
histories. 
This study at experimental conditions of 7 kbar and 900°C-i 000°C make this 
data highly relevant to studying metamorphic processes in the mid to lower crust, in 
low-Ca systems. The results show the following major features: 
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DREE  (zircon/melt) values are strongest for the HREE, with DGd  —5-15, and 
DL --30-70. 
DREE  (garnet/melt) values are lowest for the LREE (0.01-1), DOd  ranges 
from 5-13. The HREE show the strongest partitioning into garnet with flat patterns 
—50-100. 
DREE (zircon/garnet) values show the LREE partition into zircon with 
values —10-100. DREE obtained for the MREE-HREE from Gd to Lu are in the range 
0.4-1.5 for all temperatures examined, with the MREE slightly favouring garnet. At 
900°C-950°C values return to unity for the HREE, however the DREE  pattern is flatter 
and continues to favour garnet for the HREE at 1000°C 
The results presented here show a consistent set of values for zircon/garnet 
partition coefficients. The LREE partitioning values are the hardest to constrain and 
are variable in this study, as the low concentrations in zircon are subject to problems 
with the Zr regression lines (Taylor et al., 2009a) and the concentrations in garnet are 
very low. As well as these problems, in natural systems the presence of LREE-rich 
minerals such as monazite and apatite would have a profound effect on the LREE 
budget by comparison. DE (zircon/garnet) values are also variable in this study but 
average at a figure of —1. The MREE show partitioning values favouring garnet 
while the I-TREE return to values —1, there is a possible tendency for partition 
coefficients at high-T to remain flat and favouring garnet through the HREE. 
The choice of granitic starting material composition, though designed to 
reflect partial melting of pelitic rocks, make these results applicable to many crustal 
compositions and settings, while the experimental conditions of 900°C to 1000°C 
and 7 kbar make this data highly relevant to studying metamorphic processes in the 
mid to lower crust, in low-Ca systems. This study shows zircon and Fe-Mg garnet 
forming in REE equilibrium within granitic melts at high P-T conditions produce an 
approximately even distribution of the middle to heavy REE, and other distribution 
patterns can be considered to reflect disequilibrium. 
Application of this data to empirical studies (Section 4.4) show that the 
consistent DREE (zircon/garnet) values for the middle to heavy REE are a powerful 
tool in showing the validity of examples from studies such as Harley et al (2001), 
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Whitehouse and Platt (2003), Hokada and Harley (2004), Kelly and Harley (2005) 
and Baldwin and Brown (2008). Conversely, studies that have attributed steep DREE 
(zircon/garnet) patterns favouring zircon for the HREE such as Rubatto (2002), 
Hermann and Rubatto (2003) and Buick et al. (2006) may need to be re-evaluated in 
light of this new data. 
The data from this study can only currently be applied with certainty to 
moderate crustal pressures (-7 kbar) and systems in which zircon is grown with Fe-
Mg garnet, and may not be applicable to alternate studies such as those involving Ca-
bearing garnets in eclogites. Further experimental work needs to be carried out to 
determine whether there is a genuine effect of temperature on DREE (zircon/garnet) 
either at very high-pressure or in more Ca-rich systems as suggested by the work of 
Rubatto and Hermann (2007). 
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Chapter Six. Zircon- Orthopyroxene REE Partitioning. 
6.1 Orthopyroxene Growth 
Orthopyroxene is another common mineral in metamorphic rocks, and the 
ability to link orthopyroxene growth to zircon formation would be an additional tool 
for studying high-grade metamorphic terrains along with the zircon-garnet data 
presented in this study. Orthopyroxene has a far lower REE content than garnet, but 
is similarly enriched in the HREE compared to the LREE on a chondrite normalised 
plot. Therefore it may also share a distinctive DREE signature with zircon, as seen 
with the garnet study. 
As described in the previous chapters, growth of orthopyroxene crystals 
either as quench crystals at the or as main phases was noted in several experiments. 
The garnet growth study using gels G3 and G4, which had higher Fe and Mg 
contents were particularly prone to this phenomenon, especially at higher H 20 
contents. One capsule, z26-6, intended as a zircon- and garnet-bearing experiment at 
8-9 wt% H20, grew no garnet but large tabular OPX crystals (XMg = 0.35-0.5; All-03 
= 11-13%) up to 1mm x 100 j.im. This 'failed' run was targeted as an extra study into 
zircon-OPX partitioning at 7 kbar and 900°C. 
Orthopyroxene analyses on the SIMS have low count rates, and so the 
analyses were performed alternately with high-zircon glass analyses to make sure the 
element peaks were centred on the instrument and the best possible data were 
obtained. Zircon REE data were obtained by mass balance using the same method as 
the previous zircon-melt and zircon-garnet-melt studies. 
On a chondrite normalised REE plot the OPX data were very consistent, with 
very low LREE, Gd(n) —lOppm and HREE(n) —40ppm. DREE (OPXImelt) data 
showed a consistent slope with only the HREE D values greater than 1, Ds —0.1, 
DL —1.6, DLmGd —16 (Figure 6.1). DIE  (zircon/OPX) data showed the values for 
the LREE in the range 160-280, partitioning for the middle to heavy REE show 
relatively flat pattern with D values of-16-22 (Figure 6.2 and Table 6.1). 
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Fig. 6.1. Plot showing the partitioning of the REE between orthop roxene and granitic melt at 7 khar and 90OC in 
this studs. The LREE partition stronglN into the melt. with only the HREE showing D values close to or greater than 1. 
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Fig. 6.2. Plot showing the partitioning of the REE between zircon and orthopyroxene at 7 khar and 900(' in this study. 
tircon RI-I' concetrations were calculated by the Zr regression method (I aylor et al.. 2009a). Values for the I AEF 
are potcntiaIl innacurate due to the low concentrations in zircon and ()PX. Consistent I) values of ­20are seen for the 
middle to heavy REE. 
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One of the more interesting aspects of this study is that the zircon REE data 
for the run looks different to that seen in the previous studies which were very flat 
through the middle to heavy REE (Lu(n)IGd(n) --1.5). The zircon pattern for the 
OPX-bearing run was much steeper (Lu(n)/Gd(n) --4), despite the total 
concentrations for each REE being broadly similar —200-800(n). However the DHREE 
values for z26-6 are virtually identical to the values for the previous runs, DGd = 3.6 
and DLu = 33.9 This variation from the previous zircon data whilst maintaining the 
same partition coefficients is another good sign that the zircon grown in this entire 
study is responsive to the trace element chemistry of the melt around it and capable 
of achieving REE equilibrium during the run time. 
The results from this run should be considered a preliminary study with just a 
single dataset from 7 kbar and 900°C; however it demonstrates that the same method 
used for the main study can be applied to a variety of mineral-mineral partitioning 
problems involving zircon in high-grade rocks. 
6.2 Zircon-Orthopyroxene Applications 
While the DREE (zircon/garnet) has applications to the timing of peak 
metamorphic conditions in high-grade terranes, reliable DREE (zircon/OPX) data 
could give insight into further metamorphic processes such as retrograde 
metamorphism or charnockite formation. The data from this preliminary DREE 
(zirconlOPX) study are compared to two empirical estimates of equilibrium REE 
partitioning (Figure 6.3) between these minerals in R115, a garnet-bearing sample 
from the Rauer Islands, Antarctica (Harley and Kelly, 2007), and 49377, a garnet-
absent sample from the Napier Complex, Antarctica (Harley, unpublished data). 
These examples, particularly RI 15, show a very close match to the MIHREE 
values from this study, showing the potential of this experimental method for 
expanding the partitioning dataset for the DREE (zircon/garnet) project into a wider 
reaching study involving other minerals in high-grade terranes. While the data 
presented here is yet to be verified by further zircon-OPX data, and as such an in 
depth interpretation is unjustifiable, it is a clear area for further study with the 






1- 	 -- 
La Ce Pr Nd Sm Eu Gd Tb Dy 1-10 Er Tm Yb Lu 
Fig. 6.3. Plot sho ing zircon-Ol'X REE partitioning for the natural, empirical examples that are estimated to 
represent equilibrium, compared to the alues from this studs. 
Zircon 	Melt OPX Zrc/OPX z26-6 (zircon/melt) 
REE 	REE REE DREE + Dprc 	 - 
37.14 33.69 0.13 280.50 0.11 1.10 0.09 
140.84 71.20 0.58 240.96 0.12 1.98 0.11 
20.36 6.05 0.11 183.27 0.23 3.37 0.21 
116.67 20.23 0.69 168.60 0.35 5.77 0.29 
20.83 4.86 0.53 39.24 1.01 4.29 0.97 
1.72 0.44 0.08 21.78 1.03 3.92 1.02 
41.46 11.16 1.87 22.16 1.81 3.71 1.78 
11.24 1.90 0.53 21.09 2.89 5.92 2.66 
84.34 10.14 4.44 18.99 2.97 8.32 2.84 
24.76 2.08 1.37 18.12 3.23 11.91 3.11 
93.87 5.70 4.62 20.33 6.51 16.46 5.28 
17.90 0.83 0.96 18.69 6.87 21.61 6.51 
111.40 4.81 6.69 16.66 8.16 23.18 7.99 
18.80 0.54 0.84 22.34 9.93 35.12 9.63 
Table 6.1. Table shos% ing REE alties for the zircon melt and OPX in run z26-6. Zircon composition is calculated from 
the mixing line method used in the pre ious chapters. Calculated partition coellicients 11r zircon-orthopyroxene and 
zircon-melt are shown, along ssith the I sigma errors calculated li.r the zircon mixing line. sshich produces the largest 
amount ofuncertaino. in the final dataset. 
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Chapter Seven. Introduction to Kerala Field Area. 
7.1 Introduction to Field Study 
The second part of this project is a study of natural rock systems, specifically 
chosen to be natural analogues to the experimental study described in Part I. The 
field location visited in this project was the Trivandrum Block (TB) of Southern 
India, and the associated Achankovil Shear Zone to the north. These are key central 
areas in the amalgamation of the Gondwana supercontinent. The region is recognised 
as an outstanding natural laboratory for the study of partial melting in the crust, with 
melting occurring in a variety of scales (from cm to km) and styles. 
This field study was originally intended as a potential replacement to the 
experimental study in the event that the latter did not produce any results, with a 
possibility of a further field season and the development of the fieldwork into a more 
extensive regional study of high-grade metamorphism and partial melting in 
Southern India. However, due to the success of the experimental part of the project 
this field study was refined into a more detailed look at a few sample localities, with 
an in-depth look into the textural, chemical, and also geochronological detail of rocks 
that had undergone partial melting. Zircon and garnet trace element analyses are 
looked at in detail within these samples, and in one case combined with zircon (U-
Pb) and monazite (U-Th-Pb) dating to match textural and geochronological evidence 
for simultaneous zircon-garnet growth. These micro-studies were aimed at 
discovering whether, with careful investigation, the DREE  (zircon/garnet) values 
obtained from the experimental work can be used as a powerful tool in the 
identification of equilibrium mineral growth in natural samples. 
The field area itself has been the site for extensive geochronological and 
thermobarometric study over the last 20 years, often without being tied together to 
produce an overall regional picture. This section of the thesis will start with an 
introduction to the regional context of the field area in relation to the Southern Indian 
shield and Gondwana based on recent studies and reviews. This will be followed by 
a more detailed look at the localities visited in this study, and finally an in-depth look 
at the samples used as a comparison to the experimental study. 
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7.2 Regional Context of the Field Area 
7.2.1 Overview 
Geological Units 
Southern India is broadly divided into three separate high-grade granulite 
terranes, separated by two geologically significant boundaries (Collins et al, 2007a, 
and references within). From north to south these three units are the Salem Block, the 
Madurai Block and the Trivandrum Block (Forming the Southern Granulite Terrane). 
The Salem Block to the north comprises the metamorphosed component of the 
Dharwar Craton, this is bound to the south by the Palghat-Cauvery shear system 
(PCSS), a major boundary representing the Mozambique Ocean suture in India. 
South of the PCSS lies the Madurai Block, interpreted as a continuation of the 
Antananarivo Blocklltremo Group of Madagascar (Figure 7.1) and parts of the 
Neoproterozoic Azania microcontinent (Collins & Pisarvesky, 2005). The Madurai 
and Trivandrum Blocks are separated by the Achankovil Shear Zone, which is not 
interpreted as a major crustal structure, but may represent a reactivated rift zone. 
Position in Gondwana 
Metamorphism and deformation of the Southern Granulite Terrane (SGT) is related 
to late Neoproterozoic to early Cambrian (Ediacaran-Cambrian) amalgamation of 
Gondwana (Meert, 2003; Boger and Miller, 2004; Collins and Pisarevsky, 2005). 
Reconstructions of the assembly of Gondwana during the Ediacaran (--635-542 Ma, 
Gradstein et al., 2004) —Cambrian show a complex series of collisions and 
amalgamations of multiple continental blocks along a number of orogenic zones 
(Collins and Pizarevsky, 2005). Recent studies (Torsvik et al., 2001; Powell and 
Pisarevsky, 2002; Meert, 2003; Boger and Miller, 2004; Collins and Pisarevsky, 
2005) show that India did not join with the other elements of Gondwana until the 
latest Neoproterozoic -Cambrian times. In these studies the Southern Granulite 
Terrane, along with its locally related regions of Madagascar, Sri Lanka and 
Antarctica, are situated during this time at the focal point of a number a orogenic 
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belts as India, Australia, Azania, Kalahari and Antarctica terranes combined to form 
Gondwana. 
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Fig. 7.1. Map showing the location of southern Indian geological units in relation to Madagascar at -530 Ma. 
The triandrum Block (FR) and the Achankovil Shear Zone (AZ) are the units of interest in this held Studs 
(After Collins and Pisaresk. 2005). 
Geology 
South of the Dharwar Craton the Salem Block (previously the Northern 
Granulite Terrane (Clark et al., 2009)) consists of ArcheanfPaleaoproterozoic (Peucat 
et al., 1993) orthogneisses, metasedimentary rocks and charnockites that continue 
south to the PCSS (Drury and Holt, 1980; Drury et al., 1984; Chetty, 1996; Chetty et 
al., 2003); these units are not a single structure, but rather a system of cross-cutting 
(Reddy et al., 2003), anastomosing, mainly dextral shear zones covering a width of 
over 100km and cut accross migmatitic mafic gneisses and high pressure granulites 
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(Bhaskar Rao et al., 1996; Srikantappa et al., 2003; Shimpo et al., 2006; Collins et 
al., 2007a). Both the Madurai and Trivandrum Blocks consist of a variety of 
deformed and metamorphosed igneous and sedimentary rocks that reached granulite 
facies during the Neoproterozoic. (Bartlett et al., 1998; Braun et al., 1998; Braun and 
Kriegsman, 2003; Santosh et al., 2003b; Braun and Bröcker, 2004; Santosh et al., 
2005a). These two blocks are separated by the Achankovil Shear Zone, which is a 
broadly linear structure distinguishable by a pronounced magnetic (Rajaram et al., 
2003) and seismic anomaly (Rajendra Prasad et al., 2006). 
7.3 Detailed Description of Units in this Study 
7.3.lTrivandrum Block 
The Trivandrum Block (TB) makes up the southernmost tectonic unit of the 
Indian Subcontinent. Along with the Madurai Block the TB represent the southern 
extension of the microcontinent Azania, which collided with East Africa at -640 Ma 
forming the East African Orogeny (Collins and Pisarevsky, 2005). The TB is 
dominated by high-grade metasedimentary rocks typically either garnet + biotite 
felsic gneisses (locally referred to an leptynites) and graphite-bearing garnet + 
cordierite + sillimanite gneisses (khondalites). The widespread nature of the latter 
rock type led to the alternative name of this region, the Kerala Khondalite Belt 
(KKB) (Chacko et al., 1987). Protoliths to many of the metasedimentary gneisses in 
the TB were sourced from Pa!aeoproterozoic and Neo-Archaean rocks, with 
deposition occurring some time after 1900 Ma (Collins et al., 2007b). 
Palaeoproterozoic monazites have also been identified in the metasedimentary rocks 
of the TB from a number of studies (Bindu et al., 1998; Braun et al., 1998), and show 
the potential of monazite to survive erosion, deposition and prograde metamorphic 
events. The source region of Palaeoproterozoic detrital zircon and monazite in 
Southern India is hard to qualify, with few probable source rocks in the region. 
Collins et al. (2007b) point to their similarity to the central Madagascan 
Palaeoproterozoic sedimentary rocs of the Itremo Group (Cox et al., 2004) and 
suggest that they both originated from the same East African source. 
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The leptynites and khondalites are intruded by a variety of igneous rocks, 
typically alkali granitoids and syenites, which together have been metamorphosed to 
granulite facies (Santosh and Drury, 1998; Braun and Appel, 2006). Metamorphic 
conditions vary, with the lowest pressures and temperatures in the centre of the block 
(5 kbar, --750°C), and a systematic increase to the north and south up to 8-9 kbar and 
<1000°C (Chacko et al., 1987; Chacko et al., 1996; Nandakumar and Harley. 2000; 
Braun and Kriegsman, 2003). 
The southern part of the TB has previously been described as a separate 
tectonic unit, the Nagercoil Block, and comprises a large region of massive 
charnockites (Santosh, 1996; Santosh et al., 2003a). More recent evidence suggests 
the charnockites may be metasomatised equivalents of the TB paragneisses, as zircon 
and monazite data show a similar geological history (Santosh et al. 2006c). 
U-Pb zircon and monazite isotopic data constrain the age of metamorphism in 
the TB to 550-5 10 Ma (Choudhary et al.. 1992; Soman et al., 1995; Unnikrishnan-
Warner et al., 1995; Bartlett et al., 1998; Braun et al., 1998; Braun and Kriegsman, 
2003; Santosh et al., 2003b; Ghosh et al., 2004; Santosh et al., 2006b; Santosh et al., 
2006c; Collins et al., 2007b). Collins et al. (2007b) have further refined the age range 
on the TB showing that metamorphic ages for the Trivandrum Block (and Madurai 
Block) are within error of each other at 513 ± 6 Ma. 
7.3.2 Achankovil Zone 
The Achankovil Shear Zone (AZ) forms a distinct lineament (Drury and Holt, 
1980) separating the Trivandrum and Madurai granulite terranes. It is both a 
lithological and isotopic boundary (Harris et al., 1996; Bartlett et al., 1998; Braun 
and Kriegsman, 2003) and shows distinct geophysical characteristics (Rajaram et al., 
2003; Rajendra Prasad et al., 2006). The AZ has traditionally been categorised as a 
shear zone (Drury et al., 1984; Sacks et al., 1997; Rajesh et al., 1998; Rajesh and 
Chetty, 2006), however this interpretation is complicated by many interpretations of 
the shearing orientation (Drury et al., 1984; Rajesh et al., 1998; Sacks et al., 1997; 
Ghosh et al., 2004; Cenki and Kriegsman, 2005) and apparent lack of continuation 
through the crust (Kumar et al., 2008). It is possible that this zone represents a basin 
126 
formed during rifting in the late Proterozoic similar to that seen in Madagascar 
following collision with East Africa (Cox et al., 2004; Collins, 2006). 
The Achankovil Shear Zone consists of a variety of lithologies including 
garnet-biotite gneiss, khondalites, charnockites, two-pyroxene granulites, calc-
silicates and quartzites. Thermobarometric estimates for the conditions experienced 
by the region include 5-7 kbar and 700-800°C (Santosh, 1987), 6-7 kbar and —925°C 
(Nandakumar and Harley, 2000; Cenki et al., 2002), and 8.5-9 kbar and 940-1040°C 
(Ishii et al., 2006). 
Th-U-Pb EPMA monazite data yield ages for intruded alkali granitoids of 
550 ± 25 Ma (Pathanapuram Granite) with a younger age population of 515 + 16 Ma 
representing the timing of high-grade metamorphism (Santosh et al., 2005b). 
Charnockite formation is constrained to 548 ± 2 Ma and 526 ± 3 Ma (Ghosh et al., 
2004) The rocks in the Acharikovil shear zone have anomalously juvenile isotopic 
compositions and model ages (Sm-Nd model age 1400-1300 Ma with ENd -3.1 to - 
6 (Harris et al., 1994; Bartlett et al., 1998)) relative to the bounding Madurai and 
Trivandrum Blocks (Sm-Nd model ages 3000-2000 Ma (Choudhary et al., 1992; 
Harris et al., 1994; Bartlett et al., 1998; Bhaskar Rao et al., 2003)). Detrital zircon 
evidence supports these young ages, showing Neoproterozoic maximum depositional 
ages (Collins et al., 2007b), suggesting that a young package of sedimentary rocks 
existed in this area (Bartlett et al., 1998). 
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Chapter Eight. Field Localities. 
8.1 Field Localities 
Much of Kerala is dense, tropical jungle, with limited access to many areas. 
Obtaining a coherent picture of the geology is difficult, as continuous exposure is 
rare or inaccessible. Fieldwork is, therefore, performed in a 'potted' nature where 
exposure is available; in many cases this is found in local, small-scale quarries where 
the rock is removed predominantly for building stone. (Figure 8.1). 
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Fig. 8.1. Map ofthc general distribution of lithologies in the I ris and rum Block ( Niorirnolo ci al.. 2004). sho\% ing the 
compleON at large scale ofa single granulite lerranc in this region. 
The field area is located around the city of Trivandrum, the state capital of 
Kerala, and 11 localities were visited in 4 areas in, listed below: 
Area 1 - -45km NNW of Trivandrum. 
Kulappara - KLP 
Chittikara - CHT 
Poolanthara - PLT 
Area 2 - --60km N of Trivandrum, near Punalur. 
Kottavattom - KTV 
Kadakamon, South - KDM-S 
Area 3 - —85km N of Trivandrum, near Pathanamthitta. 
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V. Kottayam - VKTM 
Punalathupadi - PNL 
Area 4 - 20-25km E of Trivandrum, near Neyyar Dam. 
Chunapara - CNP 
Anakuzhi - AKZ 
Sheddunada - SDN 
Puthupally - PTP 
Areas 1 and 4 are in the main 'KKB' area of the Trivandrum Block, area 2 is in the 
northern Trivandrum Block and area 3 is further north situated in the Achankovil 
Shear Zone. Between 2 and 10 samples were selected from each of these localities, 
covering as many of the main lithologies as possible from each site. Areas 1 and 4 
were mainly high-grade metapelites (khondalites and leptynites), with all areas 
containing a variable amount of leucosome material formed from partial melting of 
the gneisses. The distinguishing feature of the khondalite lithology is the presence of 
graphite in the rock, which can appear in two forms; (i) Fine grained graphite 
disseminated through the gneiss is believed to be organic, with its origin being 
organic material in the original sediment, (ii) Cross-cutting the outcrops are a variety 
of veins containing coarse grained graphite flakes, originating from CO2 fluids 
within or below the crust. The graphite is present/absent on scales of cm's to km's, 
which makes the definition a little difficult. Area 2 was not a main sampling area for 
this study, although the small KDM-S locality is the northernmost quarry to contain 
the TB assemblage, and so is regionally important as an approximation of the 
boundary with the Achankovil Shear Zone. The KTV metapelite quarry contains the 
unusual lithology 'incipient charnockites', which was not part of this study, but is an 
interesting example of lower crustal processes. Area 3 is within the Achankovil 
Shear Zone and the lithologies present here are typically crd-rich grt-bt gneisses, 
along with deformed, syn-tectonic 'pink granites' and crd-rich leucosomes. 
As this field season (Aug-Sept, 2005) was intended as a 'first pass' with the 
possibility of a second, more extensive season later in the project, a variety of 
sampling styles were used to attempt different small projects based around zircon-
garnet trace element partitioning. This included sampling high-grade gneiss and its 
neighbouring leucosomes, and sampling cross sections of leucosomes looking for 
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variation. However, following the results from the experimental project (Part One of 
this thesis) this was scaled down to finding a few good examples that test the models 
produced by that study. 
Following the production of thin sections for large numbers of the samples, 
optical microscope work was performed to assess the samples for suitability for the 
project. This mainly revolved around looking for clear textures and mineral 
assemblages, along with zircon and garnet grains numerous and large enough to 
permit detailed SIMS analysis. 
Suitable samples then had extensive work looking at the textural (hand 
specimen, optical microscope and SEM imaging), mineralogical (SEM and electron 
probe), trace element (electron probe and SIMS), and geochrono logical (electron 
probe and SIMS) characteristics. The following sections describe the detailed studies 
of several samples from this fieldwork which can be used in conjunction with the 
data from the experimental study. 
8.2 Sample - CNPpeg 
8.2.1 Locality Description 
The quarry at Chunapara (CNP) is a classic KKB locality, with a khondalite 
gneiss assemblage, multiply deformed, with leucosomes on a variety of scales 
(Figure 8.2). 
The gneiss is particularly garnet-rich, with pink-red garnets typically 1-1.5cm 
in diameter making up -'-50% of the assemblage. Some larger garnets, up to 3cm, 
typically show a retrograde crd-rich corona. The main foliation in the gneiss is 
defined by fine-grained biotite and coarse sillimanite up to 1.5cm in length, which 
together form 30-40% of the gneiss. Quartz, K-Feldspar, cordierite and small 
amounts of graphite are also present along with accessory zircon and monazite. 
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Fig. 8.2. I ieId photograph slit j%% i ng it clue-up Of the rock I ace at (hwiapara quarr) Dark ni.uer ii I i 	ic niiI i I Ic -Nearing 
grt-sill-crd-ht gneiss (khondztlite). Pale material iihin the gneiss are pods and lenses oirecrsiallised granitic melt or 
leucosome. Image is approximately I Oil across. 
CNP has a large proportion of leucosome material, with >50% of the locality 
formed from recrystallised granitic melt, with grain size 0.5-1cm. The leucosomes 
are present as either small-scale deformed lenses -30cm in length, or large metre 
scale pods often with a complex internal structure of qtz-rich and Kfs-rich zones. 
Small, peritectic garnets typically <1cm in diameter are present in the leucosomes 
making up <5% of the volume. Qtz-rich zones in the large leucosomes often show 
concentrated areas of garnet (Figure 8.3). 
The locality also features lenses of metabasite material up to 2m in length, 
with retrograde grt-bt rims. These were probably present in the original sediment as 
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8.2.2 Sample Description 
Sample CNPpeg is taken from one of the larger leucosomes in the quarry, 
which extended for >lOm through the locality (Figure 8.4). One portion of this 
leucosome was particularly coarse grained, a pegmatite, representing the final area of 
crystallisation of the melt volume. The pegmatite is predominantly composed of 
coarse-grained quartz and K-feldspar between 1-3cm in diameter and garnets up to 
5cm in diameter. Some parts of the sample contain coarse-grained biotite -lcm 
across from the final crystallisation of the melt. The sample also contains accessory 
zircon, monazite, apatite and xenotime. 
This sample was originally selected for analytical work due to the large 
amount of monazite, up to 3-4mm in length, forming 1-10% of the pegmatite in some 
places, and was the target for an electron probe monazite dating exercise in the 
project. Further work was then done on the sample looking at the relationship 
between zircon and garnet. These three minerals are all interpreted as having grown 
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coarse grained. pegmatitic area the sample is taken from is shown h the red circle. Ihe image is approimatel) I 
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82.3 Mineral Textures 
Garnet 
The majority of garnets in the sample form euhedral to subhedral grains 
typical of peritectic garnets formed within leucosomes. Garnets are typically 2mm-
2cm in size with good crystal shapes. However some of the larger grains, between 4-
5cm in size, show some anhedral textures, interfingering with groundmass quartz and 
feldspar. These grains do not show any retrograde mineral assemblages typical of 
garnet breakdown. BSE images of the garnet grains show no obvious zoning within 
the grains. The small garnets and the cores of the larger garnets are free from 
inclusions, although the rims of the large garnets, —0.5cm in width, include some of 




Monazite occurs in this sample in great abundance with a variety of crystal 
shapes and sizes. Most grains are at least 500m in diameter with a blocky subhedral 
shape. BSE imaging identifies at least 4 distinct (>lOOtm scale) zones in the 
majority of grains. These zones are very clear and broad, making the sample ideal for 
a monazite study as typical monazites have more intricate spotty/spongy zoning that 
makes individual analyses difficult. (Figure 8.5) 
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The zones recognised in the BSE images of the monazite are as follows: 
Low BSE response core. This dark core often shows oscillatory zoning 
patterns. The cores are typically incomplete, with strong crystal faces in some areas 
and truncated zoning combined with curved faces in others. 
Very High BSE response. This zone appears around the cores of the 
grains and in some grains appears to follow the original crystal faces defined by the 
core, although the original zoning has been lost. 
Medium-High BSE response. This zone is more complex, being made up 
of a variety of smaller zones of varying response. In some cases it appears outside 
zones I and 2, while in other areas it separates the 2 zones. These two effects can be 




(4) Medium-Low BSE response. The outer broad zone defmes the fmal 
growth stage of monazite in the sample, and has very little internal texture in most 
grains. 
A few grains showed a fifth zone, an inner core, with even lower BSE 
response than zone 1. However this zone is not typical throughout the sample, and is 
interpreted as either part of the main core or older, rare material. Some of the 
monazite grains only show 3 zones, missing the core entirely. This is most likely 
related to the polishing of the samples rather than a significantly separate group. 
Where grains are included within the rims of large garnets the outer monazite rim 
(zone 4) is not missing, suggesting monazite growth was complete at least before the 
final stage of garnet growth. 
Zircon 
The sample contains a large number of zircon grains, with BSE imaging 
identifying several zones (Figure 8.6): 
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1Ina 105. 
Oscillatory zoned cores are present in almost all grains. The zoning is 
usually very clear, although in some grains this has been altered to more diffuse 
patterns. These cores are interpreted as being relict grains from previous igneous 
material. 
Medium BSE response. The inner rim. 
Medium-High BSE response. The outer rim 
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Zones 2 and 3 are very plain, or sometimes show sector/'fir tree' zoning and 
are interpreted as metamorphic overgrowths formed within the melt (Kelly and 
Harley, 2005). Surrounding the 2 main rims some grains show a 'broken' looking 
surface. This is then surrounded by a very fine rim, which is too narrow for any 
analyses. This may be a further metamorphic overgrowth or related to late stage fluid 
processes. Zircon grains included within the edge of the garnet grains show all of the 
zones described here, and therefore garnet growth must have continued up until after 
the final zircon growth period. 
8.2.4 Mineral Trace Element Compositions 
All minerals trace element analyses are summarised in Table 8.1 at the end of 
Section 8.2 
Garnet 
Garnets were analysed in-situ for trace elements using SIMS, including the 
REE, Zr, Y, Hf, U, Th and Ti. Garnet analyses were very consistent between grains 
and showed a slight reduction in REE contents from core to rim, typical of peritectic 
garnet growth within a melt. Garnet 1 (GI) from thin section B (CNPpegB) was 
analysed in great detail for trace element variation as this is a large garnet 
incorporating zircon and monazite in and around the rim. The results for this grain 
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garnet. hiPe the smaller ,ircon grams are 001) located on the edge of or just iiliin the garnet outer rim. 
On a chondrite normalised plot, values for the LREE are low and variable in 
the garnet covering approximately an order of magnitude at La between 0.02 and 
0.16ppm(n). At Sm there is clear core to rim variation with Sm eore —80-100ppm(n) 
and Smrjm —25-40ppm(n). Eu values are fixed at I ppm(n) with a tendency for a 
decrease in values towards the rim. Values for the HREE show strong core to rim 
variation with HREEcore -4000ppm(n) and HREE rjm -300-600ppm(n) (Figure 8.8). 
The region of the garnet where monazite inclusions begin to be seen is referred to as 
the 'inner rim' or simply 'inner' and has HREEi nner values of —800-950ppm(n). 
Garnet rims show no anomalous values or zoning where they encompass or enclose 
accessory phases, and therefore are interpreted to have overgrown these phases in the 
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Fig 8.8. Chondrite normalised plot shoing REE concentrations of the garnet zones in CNPpegB. The highest values 
for the middle to heav REE are seen br the core (red circles), and show a gradual decrease through the inner zone 
(selbo%% triangles) and the kest concentrations are in the garnet rim (green diamonds). All values are normalised to 
Anders and (ire asse (I 
Monazite 
Monazites from two thin sections were extensively analysed using the 
electron microprobe. As part of the chemical dating (CHIME) procedure large 
amounts of trace element data were collected for the monazites, which enables 
further interpretation of the zoning seen within the grains. X-ray maps of Mnz60 
from CNPpegB show how chemically distinct the different zones are (Figure 8.9). 
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(1) The core of the monazite is characterised by the lowest concentration of 
uranium (U= 0.23-0.27 wt%) and the highest concentrations of the LREE (Ce= 25-
27 wt%) in any of the zones. The oscillatory zoning in the core can be seen on the X- 
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ray maps and shows a slight increase in yttrium and possibly cerium, and a decrease 
in the thorium concentration. The core also shows the lowest Pb concentration, most 
likely due to the very low U levels. 
This zone is very distinct due to the very high thorium concentration (Th= 
11.5-13 wt%) compared to the other zones (typically 8-9 wt% Th), which is easily 
distinguishable on the X-ray map. This zone also has the lowest LREE 
concentrations (Ce= -24.5 wt%). In further discussion zone 2 is also referred to as 
the 'high-thorium' (Hi-Th) zone. 
This zone is less consistent in its characteristics, but is distinguishable by 
a marked, though variable, increase in uranium content (U= >1 wt%) which is clear 
on the X-ray map and is very different to the rest of the monazite. This zone also 
includes any area between the core (zone 1) and rim (zone 4) with a Th content less 
than 11 wt%. In further discussion this zone is also referred to as the 'high-uranium' 
(Hi-U) or 'outer' zone. 
The rims of the monazites do not have any distinctive chemical 
characteristics, with moderate levels of U, Th, Y and Ce. 
The chemical analyses of the monazite show that the 4 textural zones see 
using BSE imaging are definitely distinct features of the grains and can be used to 
derive some further insight into their growth in relation to the other minerals. The 
'inner core', where present, does not show any chemical characteristics that 
distinguish it from the main core (zone 1). 
Zircon 
Zones 2 and 3 of the zircon grains, interpreted as overgrowths related to 
metamorphism at high P-T conditions, show some trace element variation that 
distinguishes them from each other (Figure 8.10) 
The 'inner rim' has higher values for the HREE (Lu= -750-1050ppm(n)) 
and has a higher uranium content (U= '-1300-1900pmm). 
The 'outer rim' shows a decrease in trace element concentrations from 
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Fig. 8.10. Chondrite normalised plot showing the REE concentration in the two metamorphic rims of the zircon in thin 
section ('NPpegR. High-V zircon rims (veiIo triangles) sho slightly higher middle to heu REE alues. The Low-U 
rims sho a slightI larger spread ith generall) Ioer alues hr the 111(1k Values are normalised according to 
Anders and Ores asse (1989). 
8.2.5 Geochronology 
Monazite 
A total of 18 monazites from thin sections A and B (CNPpegA, CNPpegB) 
were analysed on the electron microprobe (EMMAC, Edinburgh University) to 
obtain U-Th-Pb dates using the CHIME (chemical Th-U-total Pb isochron method, 
Suzuki and Kato, 2008) method. 8 monazites were also analysed using the SHRIMP 
II (JdLCMS, Curtin University, Perth, Australia), to obtain U-Th-Pb isotopic ages as 
confirmation of the data. The SIMS analyses are necessary as the electron probe is 
unable to account for common Pb or discordance ages in the analyses (e.g. Collins et 
al., 2007b). SIMS spot sizes are much larger (-25 p.m) compared to the spot size of 
the electron probe analyses (<5 gm), however due to the very broad zones (several 
hundred microns in some cases) on the CNPpeg monazites large numbers of spots 
were placed in each zone, which is rarely possible for SIMS analysis of monazites, to 
enable a full comparison of the data from the two instruments. Standards used during 
the electron probe analyses were a uranium oxide (UOx), thorium oxide (ThOx), lead 
glass (Pb824), Yabba monazite (Yabba 21), Thompson Mine monazite (TM 7) and 
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Durango apatite (Durango). The standard used for the SHRIMP analyses was India 
Monazite 'Ind- I' supplied by Curtin University, Perth. 
The four zones of the monazite show a decrease in ages from core to rim. The 
core (zone 1) and the rim (zone 4) are distinctly different in age using both SIMS and 
EPMA dating techniques, while zones 2 and 3 have less clear age relationships with 
the two techniques differing in their interpretation. A full list of analysis points with 
ages and associated errors can be found in Appendix Two. Errors for the electron 
probe technique range from 11-20 Ma, while the SIMS technique has errors ranging 
from 4-21 Ma and are typically 10 Ma. Figure 8.11 shows histograms of the age 
frequency for both techniques in each zone to show the features described below. 
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Fig. 8.11. Age frequcnc histograms comparing the ShRIMP and IPMA data fro the monazite grains in (NPpcg. 
a) and b) show a simple comparison of the core and rim from each method. cI and d) shots age variation in all four 
zones from the two dating methods. 
(1) The cores of the monazites show the oldest ages. The CHIME technique 
on the electron probe gives a age spread in the core of 578-5 19 Ma with a distinct 
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peak at 560 Ma. The SHRIMP ages range from 597-514 Ma and also have a peak at 
-560 Ma. The SHRIMP data show a broader peak than the electron probe, and may 
reflect the oscillatory zoning in the core (see Figure 8.9) that may cover a range of 
ages. 
The Hi-Th zone shows contradicting characteristics from the two 
techniques. The electron probe method shows a relatively narrow range of ages 
compared to the other zones from 570-541 Ma. However the peak of the ages is 560 
Ma, which makes this zone indistinguishable from the core. The SHRIMP ages range 
from 592-511 Ma, which is very similar to the spread of ages seen for the core, 
although the data shows a distinct peak at -550 Ma, slightly later than the core 
formation. This age is just within error of that for the core, but may reflect the high 
thorium zone relating to a later process than the core formation. 
The Hi-U zone has the most deceptive age data. The electron probe ages 
range from 581-489 Ma, meaning this zone gives the oldest age for this technique. 
The peak age for this zone is -535 Ma, making it slightly younger than the Hi-Th 
zone. Data points for this zone from the SHRIMP give ages that match that for the 
Hi-Th zone, with no sign it is a distinct zone chronologically. This zone generally 
has the smallest area, however, and so only a few SHRIMP analyses from the Hi-U 
zone were possible. 
The rim gives the youngest ages for the monazite. The electron probe data 
show a very large range from 555-440 Ma with indistinct peaks at -505 and -530 
Ma and other smaller peaks. The SHRIMP data covers a smaller range from 5 59-494 
Ma with a strong peak at -540-535 Ma. Monazite grains that are included in the 
'inner' zone of the garnet only record rim ages of -540 Ma, although where this has 
not occurred monazite continued to form in the melt and SHRIMP ages show rim 
averages -520 Ma. This is consistent with the idea that zircon and monazite are 
likely to grow simultaneously in high-T melts (Kelsey et al., 2008) as the ages match 
that seen for the zircon in the next section. 
Analyses of the 'inner core' show ages within the range of zone 1, with ages 
of 567-566 Ma for the electron probe, and 597 Ma for the SHRIMP. 
The electron probe gives a total spread of ages from 578-440 Ma, while the 
SHRIMP gives a total age spread of 597-494 Ma. The data clearly show the 
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difference between zone I and 4 of the monazites, with a core age of -560 Ma and a 
rim age of -540-530 Ma. The core may have some variation with the zoning which 
the SHRIMP is able to detect. The large spread of ages for the rim using the electron 
probe is hard to justify when compared to the much tighter data from the SHRIMP, 
and may represent some of the inadequacies of the CHIME technique. Zone 2, the 
high thorium zone, is difficult to interpret. It is very distinct in the BSE images and 
forms broad homogenous zones, although the electron probe is unable to distinguish 
it from the core chronologically, whereas the SHRIMP shows a peak of ages slightly 
younger than the core. Texturally and chronologically it is not possible to interpret 
whether zone 2 is the core material that has reacted with a new Th-rich melt or a 
definite younger zone grown in a more Tb-rich environment. Zone 3 is interpreted as 
a resorption texture within the monazite, due to the complex and indistinct texture 
seen in the BSE images and also the highly variable U content combined with age 
data that is generally indistinguishable from zone 2. 
Zircon 
To gain more information about the geological history of the CNPpeg 
sample, 28 spots from 6 zircon grains on thin section CNPpegB were analysed using 
SIMS (SHRIMP II, JdLCMS, Curtin University). The zircons were chosen to cover 
all the textural areas they are seen in the sample, those included in the rim of the 
garnet, on the edge of the monazite grains, and from the quartzofeldspathic material. 
The standard used for the SHRIMP analyses was CZ3, supplied by Curtin 
University. The SHRIMP analyses confirmed the presence of the two overgrowths 
previously identified by trace element concentrations. 
Two analyses were made of the oscillatory-zoned cores to confirm the 
hypothesis that they are inherited material not related to Ediacaran-Cambrian 
metamorphic events. The two grains gave ages of 1061 ± 34 Ma and 1941 ± 58 Ma, 
predating the metamorphic episodes of interest to this study. 
10 analyses of the inner rim confirmed this as a zone with high uranium 
concentrations of 1450-2200ppm. The SIMS analyses give an age for this zone of 
546 ± 14 Ma. 
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(3) 16 analyses of the outer rim confirmed this zone has lower uranium 
concentrations of 240-900ppm. The SIMS analyses give an age for this zone of 514 
± 14 Ma. 
Concordia diagrams showing the data for the zircon analyses can be seen in 




The textural, trace element and geochronological information described here 
enables the interpretation of the timing of events in this sample for the minerals of 
interest. For the convenience of description, the garnet is divided into three zones, 
the inclusion-free 'core', the 'inner' which contains monazite inclusions, and the 
'rim' that has zircon included in the very edge. 
The timing of the start of garnet growth is hard to determine as none of the 
accessory minerals are included in the core of the grains. However there appears to 
be no hiatus in garnet growth detectable from the texture or trace element 
concentrations, and garnet growth is judged to have been continuous from core to 
rim. The inner zone of the garnet has overgrown the monazite grains which have a 
rim age of —540 Ma. This means the core of the garnet must have an age greater than 
540 Ma. 
The oldest part of the inner garnet zone must have an age approximately 540 
Ma or slightly older, with the outside of the inner zone having an age younger than 
540 Ma, where it has overgrown the 540 Ma rim of the monazite. 
The inner, high-U rim of the zircon grains have an age of —545 Ma, which 
matches the timing for growth of the rim of the monazite. The rim of the garnet has a 
maximum age of —540 Ma as it must be younger than the inner zone that has 
overgrown the monazite. The majority of the garnet rim will have a minimum age of 
approximately 515 Ma, as this is the age of the outer, low-U rim of the zircon grains. 
The final stages of garnet growth may have occurred after 515 Ma, but have not 
entirely enclosed the zircon grains. 
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It is possible to comment on some other features of the sample based on 
mineral characteristics. The strong incompatibility of uranium means that as a 
leucosomes cools there will be an increase in uranium in the remaining melt. As 
CNPpeg represents the final stage melt crystallisation for this leucosome it is where 
the incompatible elements will concentrate during crystallisation. It is, therefore, 
possible that the high-U, resorption zone of the monazite relates to the start of 
crystallisation of the main leucosome and the reaction of the pre-existing monazite 
with a melt increasing in incompatible elements prior to the formation of the —540 
Ma rim. The beginning of crystallisation of the melt may have also stimulated the 
growth of zircon, resulting in the formation of the High-U rim on the zircon grains at 
—545 Ma. 
REE melt composition 
The mineral melt partition coefficients from the zircon-garnet-melt 
experimental study provide a method for calculating the trace element composition 
of the melt in which the minerals formed in the CNPpeg sample. Figure 8.12 shows 
possible REE melt compositions at two points in the growth history of the sample 
based on average DREE  (zircon/melt) and DREE (garnet/melt) from the experimental 
study at 900°C-950 0C at 7 kbar. 
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Fig. 8.12. Estimated melt compositions ol sample CNPpeg thr -540 Ma (green circles and green diamonds) and 
--515 Ma (seIlos circles and sellos diamonds). Estimates are based on zircon and iarnet REF compositions and the 
zircon-melt and garnet-melt partitioning values from the experimental %ork in Part One of this thesis. All alties are 
normalised to Anders ad Grevasse (1989). 
REE Partition Coefficients 
This sample provides a perfect chance to examine the trace element 
relationship between zircon and garnet. The textural relationships of the minerals 
means that the rim of garnet must have grown at the same time as the outer, low-U 
rim of the zircon. Therefore, the partitioning values of trace elements seen between 
these two zones must represent equilibrium partitioning between zircon and garnet. It 
is also likely that the inner, high-U rim of the zircon was growing at the same time as 
the majority of the inner zone of the garnet and, therefore, a similar partitioning 
pattern should be seen between these zones. 
DREE (zircon/garnet) values for CNPpeg can be seen in Figure 8.13. D values 
for the low-U zircon and garnet rim match the experimental data in this study very 
closely. The LREE favour zircon with high values for Ce due to the Ce anomaly in 
the zircon. The MREE slightly favour garnet with DREE  (zircon/garnet) values 
ranging from 0.63-0.78 from Sm to Ho. The DI-IREE  are —1 up to Yb and DL is 1.27. 
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These values match the 900°C-950°C experimental data very closely and provide a 
very robust confirmation of the experimental study as these mineral zones must have 










La 	Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Th 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 8.13. Lircon-garnet partitioning plot comparing the experimental data from Part One of this thesis laylor et al.. 
2009h with the data from (NPpeg. lextural. chemical and chronological evidence suggests that the LoNN -V zircon 
and garnet rims must have grown simultaneously at 515 Ma. Ihis data provides extra evidence that the experimental 
data represents equilibrium zircon-garnet partitioning. 
The DREE  (zircon/garnet) values for the high-U zircon show an almost 
identical pattern, with LREE favouring zircon, the DMREE  values ranging from 0.70-
0.90, and the DHREE  are approximately 1. This pattern suggests that these zones also 
grew simultaneously at —545 Ma (see Figure 8.13). 
The core of the garnet is more difficult to place chronologically as the DREE 
(zircon/garnet) values for the garnet core and inner, high-U zone of the zircon yield a 
pattern similar to those seen for the other zones. However, the values are slightly 
more in favour of garnet for the middle to heavy REE with DSITh.HO  ranging from 0.39-
0.78, and DEr..Lu  ranging from 0.78-0.90, though still within the range of the 
experimental data (see Figure 8.13). This may suggest that the garnet core started to 




a) "560 Ma 
'1 
Zrc 
contains —20ppm Zr, a factor of 2-4 more than the inner and rim zones, suggesting 
that zircon growth was not occurring at this point. A summary of the timing of 
growth of these minerals is provided in Figure 8.14. 
b) <540 Ma 
C) <515 Ma 
Fig. 8.14. Schematic diagram sho%ing timing of growth ol zircon. garnet and monazite in sample (Nl'peg. 
a) Monazite cores have gron in the melt at -56() Ma. at this point it may be possible that garnet cores hae 
started to lrm. At this stage the onty zircon present ould be older, relict cores (not represented) in the melt. 
h) At -540 monazite rims haw lirmed. as cll as the high-(.' rims of the zircon. During this time the garnet 
'inner' zone has lrmed. and subsequently o%ergros the monai.ite(e.g.CNPpegB môt)). Zircon-garnet REF 
D alues heteen these zones thcreftre represent equilibrium partitioning (Fig. 8.13.). 
c) At -515 Ma lo-ti zircon rims have lrmed and are subsequent[ overgron by the garnet rim that is tbrming 
during this time. These zones therelrc also represent equilibrium partitioning of the REF betcen zircon and 
garnet (Fig. 8.13.). 
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Table 8.1. l'ahk shov ing all the trace element data for the zircon and garnet anah ses in sample CNI'pcg. Zircon analyses can he identified as core (c). I oNN 	rim (r) or 
I ligh-t I rim. (iamet analyses are identi lied as core (C). inner rim (I) and rim (r). 
8.3 Sample — PNL-03 
8.3.1 Locality Description 
The quarry at Punnalathupadi (PNL) is in the heart of the Achankovil Shear 
Zone (AZ) and shows typical assemblages for this region. The gneiss has a general 
assemblage of grt+crd+OPX+qtz+kfs+plag and also contains areas rich in siderite 
and ilmenite. The quarry shows evidence of partial melting from cm scale to large 
melt bodies several metres long, often containing large grains of gem quality 
cordierite (iolite). The large amount of cordierite and partial melting gives this, and 
other AZ localities, a distinctive blue and white striped effect. Siderite has juvenile 
carbon and oxygen isotopes and its formation may be related to the action of hydrous 
CO2 fluids (Prof. M. Santosh, personal communication). Figure 8.15 shows a view of 
part of the main face of the quarry at PNL. 
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Fig. 8.15. '. 	.ij..i.: 01 IIIC:;. ii 	 ..i 	 I 11C 	. 	.. 	 i.'. •;•.• ._.: • 	 -•:' HIlL unciss, 
streaked ' it h small-scale. granitic kucOMImes. Across the centre o I the 1ev. I Io Jell to tipper right) a largerscalc melt 
hod can he seen. This cumprises predominan(IN quartiokidspalhic material v. ith small (up to I cm) iriitcI i.. garnets. 
Ihe centre of this leucosome is rich in coarse-grained. gem quaiit cordicrite. and appears as a '.ers dark hand in the 
photograph. The image is approximateIN 15m across. 
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8.3.2. Sample description and Texture 
Sample PNL-03 is composed of part gneiss and part leucosome. The gneiss is 
crd-rich and contains 5-10% garnet with diameters of 1cm or less. The leucosome is 
predominantly quartz and feldspar with typical grain size of <1cm, with 0.5-1cm 
garnets, which sometimes show cordierite rims. The boundary between the gneiss 
and leucosome has a complex assemblage of orthopyroxene, cordierite, spinel and 
ilmenite, possibly suggesting that this melt did not form in-situ, but infiltrated the 
gneiss from elsewhere and reacted with it. Optical microscope inspection showed 
large amounts of zircon in the crystallised melt, and in the areas where the melt 
infiltrated the gneiss. 
8.3.3 Mineral Trace Elements 
All minerals trace element analyses are summarised in Table 8.2 at the end of 
Section 8.3 
Garnet 
Initial SIMS work on PNL-03 concentrated on the minerals in the melt, due 
to abundant zircon in this area, potentially making it another good example of zircon-
garnet REE partitioning. However, the first SIMS analyses of the garnets in the 
leucosome provided a wide variety of results, with middle to heavy REE contents 
ranging from -5ppm(n) to -900ppm(n). The garnets from this sample were then 
analysed using the electron probe, with major and trace element traverses made 
across the garnets in order to assess the zoning within the grains. Figure 8.16 shows 
an example of trace element (Y + Zr) traverse across one of the garnet, clearly 
showing the very depleted nature of much of the grain, with a sharp increase in the Y 
content towards the rim. As Y is a proxy for the HREE, having an ionic radius 
similar to Ho, this pattern suggests that the garnets are very depleted in the HREE in 

















PNL-03 Garnet Traverse 
-200 	- 	 - 	- 	 - 
Fig. 8.16. Trace element traerse through a garnet grain situated in the leucosome of sample PNI-03. The traverse 
consists of 150 points ocr a 1cm traverse through the centre of the grain. Yttrium profile cicarl sIios a sharp increase 
in concentration toards the rim. Calculated errors on trace element concentrations are ±25pprn (Zr) and ±35ppm (Y). 
Following the EPMA analyses further SIMS work was carried out targeting 
the outer 2mm of grains that show the variation in trace element concentrations. 
Figure 8.17 shows a typical set of SIMS analyses covering the core to rim profile of 
the PNL-03 leucosome garnets. The analyses confirm the pattern shown by the 
electron probe traverses, with low concentrations for the HREE seen in the core —10-
20ppm(n). The outer 1mm of the grain shows an increase in the HREE until a flat 
pattern is reached at the rim with middle to heavy REE values of 480-600ppm(n). 
Continued garnet analyses of sample PNL-03 showed that garnets contained in the 
gneiss all showed the depleted HREE patterns, and the HREE increase and high flat 
pattern is only seen in the rims of garnets in the leucosome. This suggests that the 
garnets in the gneiss grew in an REE depleted environment resulting in very low 
HREE contents. The infiltration of melt into the gneiss provided an influx of trace 
elements, and any garnet incorporated in the melt reacted with it, resulting in the 
trace element-enriched rim. The rim also shows a factor of two decrease in Ti, and a 
















La 	Ce 	Pr 	Nd 	Sm 	Eu 	Gd 	Tb 	Dy 	Ho 	Er 	Tm 	Yb 	Lu 
Fig. 14.17. ( hondrite normalised RII plot of garnet from PM -03. Average values for the core of the grain (blue 
square ,,) sho a er }lREl depleted pattern. matching the Io Y content seen on the electron probe traverse. The Yb 
and l.0 increase seen for the core analses is I ikcIN to be an artifact of the data processing for such lo concentrations. 
and the real values are likel> to follo% the slope of the pattern. i.e. less than ID. Av erage alues from the rim otthe 
garnet (red squares) show a more t>pical Rl.l-. pattern vith a high. flat pattern for the middle to heav Rli. Analyses 
profiling the near rim (green diamonds) sho the gradual increase in llRJl in the outer I mm of the grain. 
Zircon 
Abundant zircon within the sample permitted large numbers of analyses from 
both cores and rims of the grains in PNL-03 to be made. Three distinct groups of 
zircon were identified within the sample, designated as cores, rims, and overgrowths. 
The rims and overgrowths are virtually indistinguishable using BSE imaging, and the 
difference was only detectable from the trace element chemistry. Typical zircons 
from PNL-03 are shown in figure 8.18. On a chondrite normalised REE plot (Figure 
8.19) the three groups are very distinct. The cores show steep patterns with Gd(n) 
ranging from 3-30ppm(n), Lu(n) from 600-2500ppm(n), and Yb(n)IGd(n) of —20-
200. Th!U for the cores are very low (<0.01). These are the only patterns seen in 
zircon grains within the gneiss. 
The other zircon zones show flatter middle to heavy REE patterns. The 'rim' 
zone has Gd(n) ranging from 180-300ppm(n), Lu(n) from 550-1000ppm(n), 
Yb(n)/Gd(n) of --2-5, and ThIU is 0.2-0.9. The 'overgrowth' zone has Lu(n) 80-
180ppm(n), Lu(n) from 20-I30ppm(n), Yb(n)/Gd(n) of —0.1-0.8, and Th!U is 1-2.5. 
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Fig. 8.19. Chondrite normalised plot shoing zircon RFE concentrations in PNI.-03. The cores (pink circles) sho% 
steep patterns clearl distinguishable from either of the later m ergroths. some of the cores ha e unusual patterns. 
hu ing no Cc or Eu anomols. The'rim* zone (green diamonds) has high. flat patterns lr the middle to heay Rh. 
%%hilethe oergro1h zone has slightl depleted JIREE patterns, with a slightly negati%e Yb(n)'Gd(n). 
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8.3.4 Interpretation 
Timing of Growth 
While the CNPpeg sample provided a relatively simple set of trace element 
concentrations, and also good evidence for simultaneous zircon and garnet growth, 
the PNL-03 sample provides an opportunity to look at variable DREE  (zircon/garnet) 
values where several interpretations could be made. Although no geochronology 
work has been done on this sample it is still possible to infer something about the 
relative timings of mineral growth and the history of the sample. 
The trace element evidence suggests that the original gneiss existed with 
HREE depleted garnets, and also contained inherited zircon cores. These minerals 
still remain in the gneiss where it has been unaffected by the leucosome. Following 
this the influx of a new, trace element-enriched melt into the gneiss incorporated 
some of the zircon and garnet. Reaction of this melt with the garnet produced an 
HREE enriched rim and also encouraged the growth of new zircon rims. Later zircon 
overgrowths formed during the crystallisation of the melt, by which time the trace 
element reservoir was slightly depleted, hence the lower HREE concentrations in the 
overgrowths. 
REE Partition Coefficients 
The varying REE concentrations of the zircons in this sample provide an 
opportunity for using the DREE  (zircon/garnet) values obtained from the experimental 
study (Taylor et at., 2009b) and sample CNPpeg (Chapter 8.2) as criteria for 
validating the above hypothesis. 
If the melt has stimulated the new zircon growth, and the garnet cores predate 
the incursion of the melt, any DREE (zircon/garnet) values using the garnet core 
would not match the equilibrium values seen before (Figure 8.20). The values are 
clearly different from the experimental study, and the garnet cores are determined 















DREE  (zircon/grt core) 
0.001 
La Ce 	Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Fig. 8.20. Rl+ partitioning plot shning the three zircon groups fom PNI.-03. core (pink diamonds(. rim (green 
diamonds) and oergrowths (blue diamonds). Values are compared to the equilibrium values ohatined from the 
experimental study at 900 (-950 °C (Taylor ci al.. 2009h) and show distinctly different patterns, and are therefore 
assumed not to represent simultaneous growth. 
The DREE (zircon/garnet) values for the garnet core and zircon overgrowth 
zone are not unlike the values seen in Rubatto (2002), Hermann and Rubatto (2003) 
and Buick et al (2006) as well as the lower temperature range of the Rubatto and 
Hermann (2007) experimental study, and as a result may have been incorrectly 
determined to represent equilibrium growth. 
DREE (zircon/garnet) values for the garnet rim confirm aspects of the growth 
history described above (Figure 8.21). The zircon 'rim' zone and the garnet rim show 
D values that are very close to the experimental data (Taylor et al., 2009b) 
suggesting these zones grew simultaneously. Further analysis of this sample, such as 
geochronological work on the two metamorphic zircon zones, is required to gain 









DREE  (zircon/grt rim) 
0.010 
0.001 '------ 	:--------_____  
La 	Ce Pr 	Nd Sm Eu Gd Tb Dy Ho 	Er Tm Yb Lu 
Fig. 8.21. RlF partitioning plot shoing the three zircon groups from PNI.-03. core (pink diamonds). rim (green 
diamonds) and ocrgrowths(blue diamonds). Values are compared to the equilibrium xalues obatined from the 
experimental stud at 9(X)C95O°C  (Taylor et al.. 2009b). The zircon cores are unrelated to garnet growth. I he 
zircon rims sho I) alues that suggest equilibrium groth iili garnet follo%%ing the influx of melt. Me 
overgrowths sho IIRIT patterns faouring garnet. that suggest that at the stage the iircon gre the melt RFF 
content as alrcad reduced. 
This sample highlights the ambiguities present when looking at the complex 
geological histories of high-grade metamorphic rocks. Where textural information 
may be ambiguous or absent, a distinct D1E (zircon/garnet) criteria for equilibrium 
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Chapter Nine. Conclusions and Future Work. 
9.1 Summary of Conclusions 
Detailed discussion and the applications of the results from the zircon-melt 
and zircon-garnet-melt study are discussed in sections 4.2 and 5.2 respectively. The 
main results from the study are summarised below. 
The DREE (zircon/melt) results show that partitioning increases towards the 
HREE in agreement with previous experimental studies (e.g. Dickinson et al. 1980; 
Okano et al. 1987; Rubatto and Hermann, 2007; Luo and Ayers, 2009) and empirical 
studies (e.g. Fujimaki, 1986; Hinton and Upton, 1991; Sano et al, 2002; Thomas et 
al. 2002). 
Zircon-melt experiments produce two sets of broadly similar data at 5 kbar 
and 7 kbar. In the 5 kbar study the HREE were the most compatible in the zircon 
grains with DGd = 3.7-6.7 and DL -20-35, while DLREE  values are approximately 
unity. At 7 kbar the DLREE  are again close to unity and then increase towards the 
HREE (DHREE), with DGd  -5-15, and DL -30-70. The data shows no evidence for an 
effect of temperature on the partitioning values seen in Rubatto and Hermann (2007). 
The two datasets show a factor of two variation that may be due to either pressure or 
a dependence on melt composition. 
The DREE  (zircon/garnet) values from this study do not agree with the 
conclusions drawn by Rubatto and Hermann (2007) that DHREE values increase with 
decreasing temperature. 
DREE (zircon/garnet) experiments produce a consistent set of data for 7kbar 
and 900°C-1000°C. DREE obtained for the MREE-HREE from Gd to Lu are in the 
range 0.4-1.5 for all temperatures examined (e.g. Harley et al., 2001; Whitehouse and 
Platt, 2003; Hokada and Harley, 2004; Kelly and Harley, 2005), with the MREE 
favouring garnet and DFIREE  values -1. One run at 1000°C showed a DHJE  pattern 
that is flatter and remains in favour of garnet, similar to UHT estimates of Harley 
(2001) and Hokada and Harley (2004). 
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Having a consistent REE partitioning signature that represents equilibrium 
growth of zircon and Fe-Mg garnet in the mid to lower crust is a powerful tool in the 
interpretation of high-grade terranes. The ability to disregard data that does not 
conform to the D (zircon/garnet) values in this study means disequilibrium 
assemblages can be identified and discarded when interpreting P-T-t histories. This 
result also avoids the ambiguity seen from the Rubatto and Hermann (2007) study 
for Ca-bearing systems at 20 kbar, where many partitioning signatures may represent 
equilibrium, and a prior assessment of the temperature of your system is required. 
The fieldwork that compliments the study has shown that the DREE 
(zircon/garnet) patterns obtained from the experiments are present in natural rocks. 
The Trivandrum Block case studies not only confirm the experimental results but 
also highlight examples where ambiguous data from multiple zircon growth zones 
can be clarified with well-defined equilibrium DREE  (zircon/garnet) values. 
9.2 Future Work 
This work has provided the first experimental dataset for the partitioning of 
the REE between zircon and Fe-Mg garnet in the mid to lower crust, and provides 
more clearly defined criteria than the comparable experiments for higher pressure in 
Ca-bearing systems. However there are some areas highlighted by the study that 
require further investigation that are outlined and discussed below. 
Zircon/melt partitioning 
Due to the analytical method used to calculate zircon chemistry in which 
large numbers of SIMS analyses are required to produce a single REE pattern, some 
of the original project aims were unable to be fully assessed. One of these areas is the 
effect of aH20 on the DREE (zircon/melt) values. Experiments were performed 
covering a range of water contents from 3-9 wt%, although the higher water contents 
were not analysed in this project due to constraints on the ion microprobe time 
available. 
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As highlighted in the discussion there are variations in the experimental and 
natural rock DJE (zircon/melt) values that are currently hard to explain. A detailed 
study, building on the method described in this project, is required examining the 
effect of systematic melt chemistry variation on partition coefficients. 
A set of experiments designed to cover a variety of pressure conditions, 
whilst maintaining constant composition is required to investigate this potential 
effect. This may require a study furthering the internally heated gas pressure vessel 
experiments as well as adding piston cylinder runs to evaluate higher pressures. 
An unsatisfactory aspect of this study is the inability to obtain reliable LREE 
data using the Zr regression method. This can be assessed in two ways: 
Further experiments using the current method can be performed either modifying 
the melt composition, or increasing the temperature above realistic geological 
conditions to enhance zircon growth (risking zoned crystals). 
Use of modem analytical methods with high spatial resolution, such as the 
NanoSIMS, to obtain LREE (e.g. La & Ce) information from the current set of 
experiments. 
Zircon/garnet partitioning 
A successful method for the simultaneous growth of zircon and garnet was 
only achieved at the end of this project. Repeat experiments using the current method 
would be useful for confirming the results from this study from the entire 
temperature range of 900°C-1000°C. This should be combined with a full garnet-
melt dataset in zircon-free systems to be included with the 900°C (z26-1) example in 
this project. 
The current methodology should also be expanded to higher pressure, with 
piston cylinder experiments performed at 10 kbar and higher. This can be combined 
with the addition of a Ca-bearing gel starting material, which would enable a direct 
comparison with the results of Rubatto and Hermann (2007) enabling an 
investigation of the potential temperature effect. 
As with the zircon/melt study the addition of accurate LREE measurements 
would enable the current ambiguities with these elements to be cleared up. 
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Field Study 
The progression of the experimental project, including the amount of SIMS 
time it required for Zr regression, meant that a lot of the work on the Kerala sample 
set was discontinued. However the data that was collected showed that, combined 
with the DREE  (zircon/garnet) experimental data, the field area provides good samples 
for interpretation of the P-T-t of the region. 
A more detailed study, building on the trace element dataset already created, 
combined with geochronological and thermobarometry work should be undertaken. 
This would help to understand the role of this area as the centrepiece of the crustal 
blocks in Gondwana. 
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Appendices 
Appendix I & 2 
These appendices can be found on the CD on the inside back cover. 
Appendix 3 
This appendix gives further details on the starting compositions of the capsules 
discussed in the thesis. 
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